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ABSTRACT 
The conspicuous variation in time and space of richness and composition of biological 
communities has intrigued ecologists for decades. In this dissertation, I explore the patterns and 
ecological mechanisms that underlie the community assembly of leaf-litter anurans on a 
Neotropical archipelago. I combined experimental and observational approaches to: first, identify 
patterns of body size variation in leaf-litter anurans; second, assess how coloration and body size 
variation in a territorial and common species, Oophaga pumilio, associates with aggressiveness 
and dominance, and how this association influences the outcome of species interactions; and 
third, examine species co-occurrence and body size overlap patterns, assessing how differences 
in coloration - associated with aggressive behavior in O. pumilio - influence the assembly of leaf-
litter anuran communities. In the first chapter of this dissertation, I present evidence for 
consistent insular reductions in body size in only one species, Oophaga pumilio. Size reductions 
in this small species do not fit with predictions of the “Island Rule” – the trend towards insular 
gigantism in small species, and dwarfism in large species – contrasting with previous findings on 
other vertebrates. In the second chapter, I provide support for a positive relationship between the 
strength of anti-predator coloration, agonistic behavior, and dominance in interspecific, 
intraguild interactions. Resident frogs from more conspicuous, red-colored O. pumilio 
populations were more aggressive towards same-morph conspecifics and one heterospecific than 
less-conspicuous green-colored populations, dominating most interactions. In the third chapter, I 
provide evidence for the role that intraspecific phenotypic variation plays in the assembly of 
communities, and illustrate how both deterministic and neutral processes may simultaneously 
contribute to the assembly of animal communities. I found little evidence for morphological 
segregation at local scales, and random species co-occurrence patterns at local and regional 
	   xi 
scales for the entire assemblage. Segregated patterns emerged at the regional scale for sub-
matrices that included islands where highly conspicuous, and highly dominant morphs of O. 
pumilio exclusively occurred. Overall, findings from this dissertation provide evidence for the 
important role that intraspecific phenotypic variation plays in the assembly of animal 
communities and illustrate how different mechanisms may underlie the structure of biological 
communities at multiple scales.  
	   1 
CHAPTER 1. INTRODUCTION 
1.1. COMMUNITY ASSEMBLY AND TRAIT VARIATION: AN OVERVIEW 
One of the most conspicuous patterns in nature is the variation of composition and 
richness of biological communities in time and space. For decades, biologists have been 
intrigued by this variation, looking to understand how different ecological and evolutionary 
mechanisms influence the ways species are added, lost, or maintained in local and regional 
assemblages (Ricklefs and Schluter 1993, Mittelbach 2012). In general, two main types of 
ecological models have been proposed as potential explanations for community assembly 
(Tilman 2004). Niche-assembly models consider communities as deterministic assemblages that 
are delimited by abiotic filters (which may determine whether species colonize and establish in a 
particular site) or by biotic filters such as interspecific interactions with competitors, mutualists, 
predators, and consumers (Chase and Leibold 2003, Weiher et al. 2011). Neutral-assembly 
models consider species as ecologically equivalent and communities as stochastic assemblages 
that are primarily influenced by stochastic processes such as dispersal events, ecological drift, 
and historical inertia (Hubbell 2001, Ulrich 2004). These two models have been proposed to be a 
dynamic continuum along which biotic communities may fall (Gravel et al. 2006), and in which 
niche-based processes and stochastic processes interact. As a result, both deterministic and 
stochastic processes may simultaneously contribute to community assembly and species 
coexistence (or co-occurrence) as it has been observed in multiple taxa (e.g., arthropods: 
Ellwood et al. 2009, plants: Myers and Harms 2011, Guèze et al. 2013, birds: Stegen et al. 
2013).  
Understanding how communities form has been a challenging task because the assembly 
of communities involves interactions that may occur at different spatial and temporal scales 
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(Warren et al. 2015). Therefore, identifying the scale at which different mechanisms (i.e., niche-
based processes and stochastic processes) act, is key to understand community assembly. For 
example, neutral processes have been recently shown to be more relevant for community 
assembly at small scales (e.g., at the local community level or at small spatial grain), whereas an 
increased influence of niche-based processes has been observed at larger scales (e.g., 
metacommunity level or at larger spatial grain) (Chase 2014, Garzon-Lopez et al. 2014). Finding 
communities to be largely structured by niche-based processes at small scales, but neutrally 
structured at larger scales may be explained if environmental heterogeneity at large scales 
overrides most probabilistic events (e.g., birth, death, or dispersal events), influencing the 
distribution of species. In contrast, at smaller scales - where less environmental heterogeneity is 
expected - the relevance of these probabilistic events may increase and therefore become more 
influential to explain the distribution of species (Chase 2014). As a result, considering multiple 
spatial scales to assess patterns of community assembly is an approach that has improved our 
understanding of the role that both niche-based and neutral processes play at structuring 
biological communities. 
New insights on community assembly also have been gained by using trait-based 
approaches, especially during the last two decades. Trait-based approaches have assessed the 
relevance of environmental filtering and niche partitioning in the assembly of communities while 
studying patterns of trait dispersion (Adler et al. 2013). On one hand, studies have found strong 
associations between traits in communities and environmental gradients highlighting the role of 
environmental filtering on community assembly (e.g., trait diversity was lower with latitude and 
related with regional diversity in bats, Stevens et al. 2003, mean trait values associated with 
topographic habitats in tropical trees, Kraft et al. 2008). On the other hand, studies have found 
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over-dispersed patterns of trait values in co-occurring species, a pattern considered to represent 
differences in resource requirements, which suggests niche partitioning (e.g., mean trait values in 
a plant community from a sand dune, Stubbs and Bastow Wilson 2004, mean trait values in 
tropical ferns, Kluge and Kessler 2011). Most of these studies described species based on mean 
trait values, while assuming intraspecific trait variation to be negligible.  
However, individuals within and among populations may differ in multiple traits such as 
coloration (Vercken et al. 2007, Mochida 2009), size (Peters 1983, Anderson and Handley 
2001), anti-predator defenses (Duffy 2010, Maan and Cummings 2012), and competitive ability 
(Lankau and Strauss 2007, Dijkstra and Groothuis 2011). This variation within species was 
recognized as a condition for coexistence decades ago (e.g., intraspecific niche widths,  
MacArthur and Levins 1967). Despite this recognition, most community assembly theories and 
empirical studies for decades focused mainly on trait differences between species, assuming 
intraspecific variation to be low (Bolnick et al. 2011, Violle et al. 2012). Recent studies have 
begun to demonstrate the important role that intraspecific phenotypic variation plays in 
maintaining community structure and dynamics at local and regional scales (Jung et al. 2010, 
Paine et al. 2011, Siefert 2012, Kraft et al. 2014, Kumordzi et al. 2014). These investigations 
have been limited so far to plant studies with very little emphasis directed toward animal 
communities (Griffiths et al. 2016). 
In this dissertation, I combine species and trait-based approaches to explore the patterns 
and ecological mechanisms that underlie the species co-occurrence and community assembly of 
Neotropical leaf-litter anurans on islands in the Bocas del Toro Archipelago, Panama. Insular 
geographies provide excellent settings to assess the influence of both intra- and interspecific trait 
variation on the assembly of animal communities. First, islands have been central to understand 
	   4 
patterns and processes of species distributions in multiple taxa (e.g., birds: Diamond 1975, ants: 
Badano et al. 2005, bats:  Meyer and Kalko 2008). Second, island faunas are known to undergo 
multiple morphological, physiological, behavioral, and life-history changes following isolation 
(Stamps and Buechner 1985, Losos 1990, Adler and Levins 1994, Palkovacs 2003, Lomolino 
2005, Monti et al. 2013). For example, insular shifts in body size of vertebrate populations and 
communities have been one of the most striking patterns observed in reptile, bird, and mammals 
(reviewed in Lomolino 2005). Despite the widespread understanding of the patterns and 
processes influencing the community assembly of most vertebrates from insular systems, and 
their phenotypic responses to isolation, particularly little is known about amphibian assemblages 
and populations from oceanic and land-bridge islands (Cook and Quinn 1995, Yiming et al. 
1998, Wu et al. 2006, Wang et al. 2009). 
1.2. STUDY GROUP 
The Neotropical region encompasses the greatest diversity of families, genera and species 
of amphibians than any other region, containing more than half of the species in the world 
(Duellman 1999). Neotropical communities of leaf-litter amphibians are ideal study subjects for 
different aspects of community ecology and diversity for three reasons. First, leaf-litter 
amphibians encompass a substantial proportion of the amphibians at any site where they are 
present (~30%, Gascon 1996), tending to be highly abundant in Neotropical forests in 
comparison with the Old World tropics (Allmon 1991, Vonesh 2001, Rocha et al. 2011). Second, 
standardized methods exist for estimating abundance and richness in this group (Rocha et al. 
2001, Rödel and Ernst 2004). Third, leaf-litter amphibians make up an important portion of the 
faunas of tropical forests, playing an essential role in food webs both as predators and prey 
(Duellman 1990). Leaf-litter anurans spend a large portion of their life foraging, calling, and 
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mating, in and on the leaf-litter. Most species from Neotropical forests go through direct 
development (i.e., the larval stage is completely absent), or, indirect development (i.e., having a 
reduced larval stage) (Toft 1980b). In both cases, eggs are laid on humid leaf-litter. In species 
with reduced larval stages, tadpoles are transported by one or both parents to phytotelmata, such 
as Heliconia bracts, bromeliad axils, tree holes, and small pools found on the forest floor (Savage 
2002), where they complete their development.  
Leaf-litter anurans found in the Bocas del Toro Archipelago belong to four families: 
Bufonidae, Craugastoridae, Dendrobatidae, and Strabomantidae. Half of the species found in this 
region (seven species) belong to the family Dendrobatidae, represented by the diurnal poison-
dart frogs. This is a unique characteristic because no more than three species of dendrobatids are 
usually found being sympatric in other Neotropical forests (e.g., Toft 1980b, Lieberman 1986, 
Lima and Magnusson 1998, Guayasamin and Funk 2009). Although, five sympatric species have 
been found in a few areas such as Santa Cecilia, Ecuador (Duellman 1978) and the Peninsula 
Osa, Costa Rica (Donnelly 1994). As a result, a large proportion of species in the Bocas del Toro 
exhibit diurnal habits. One of this diurnal species, the poison frog Oophaga pumilio, exhibits a 
remarkable variation in coloration in the archipelago (Daly and Myers 1967, Summers et al. 
2003) being considered one of the most phenotypically diverse amphibians known. 
Populations of the territorial Oophaga pumilio from different islands exhibit either 
conspicuous, aposematic colors or dull, cryptic colors (Wang and Shaffer 2008, Maan and 
Cummings 2012). The dull dorsal coloration in this species has evolved from the ancestral red 
phenotype independently five times, e.g., on some islands (Wang and Shaffer 2008), a finding 
that suggests that a dull dorsum may give some adaptive advantage under the conditions that 
some of the islands offer, but not others (Wang and Shaffer 2008). Strong color variation is also 
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found in mainland populations (Summers et al. 2003). Previous research indicates that sexual 
selection may underlie the color divergence of O. pumilio (Summers et al. 1999, Reynolds and 
Fitzpatrick 2007, Maan and Cummings 2009, Richards-Zawacki and Cummings 2010). Although 
the influence of expansion, isolation, and drift either following sexual selection or interacting 
with it, has been also shown (Rudh et al. 2007, Brown et al. 2010, Tazzyman and Iwasa 2010, 
Gehara et al. 2013). Also, natural selection by predators seems to influence this divergence 
(Crothers and Cummings 2013), likely interacting with sexual selection (Rudh et al. 2011, Maan 
and Cummings 2012). Amphibian studies in the Bocas del Toro Archipelago have focused on 
understanding the mechanisms causing the striking variation in coloration in O. pumilio for 
decades. Little attention has been directed toward the potential ecological implications of this 
variation (e.g., on species interactions other than predator prey) and towards the patterns and 
mechanisms regulating the amphibian community assembly and diversity in this system. 
1.3. OVERVIEW OF CHAPTERS 
 In this dissertation, I combine experimental and observational approaches to better 
understand the ecological mechanisms that underlie the species co-occurrence and community 
assembly of tropical leaf-litter anurans. In Chapter 2, I investigated patterns of body size 
variation of leaf-litter frogs in the Bocas del Toro Archipelago, Panama. Body size shifts of 
insular populations have been documented for a range of vertebrate taxa, but evidence for 
amphibians relies on only four studies, one of them in the tropics. I used morphological data 
from 557 adults of four species of tropical leaf-litter frogs that I captured to examine patterns of 
body size variation. In Chapter 3, I assessed how body-size and coloration variation in O. 
pumilio associate with aggressiveness and the way as this association influences the outcome of 
agonistic interactions with conspecifics and heterospecifics. Previous studies have found 
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associations between color variation among populations of toxic organisms and alternative 
behavioral strategies such as alternative anti-predator behavior. However, the effects of these 
strategies on the outcomes of intraguild, interspecific interactions have not been examined. I 
conducted a paired resident/intruder encounter experiment in which I challenged O. pumilio of 
different coloration and body size from four islands of the archipelago with other conspecifics 
and two heterospecifics. I performed 196 trials to assess the influence of body size and coloration 
on aggressiveness and dominance in intra- and interspecific encounters. In Chapter 4, I examined 
co-occurrence patterns in the assembly of leaf-litter anurans in the Bocas del Toro Archipelago at 
local and regional scales. The study of co-occurrence patterns in animal communities has been 
limited, taking mostly a species identity approach and rarely considering intraspecific differences 
in traits. I combined species and trait-based approaches to test for non-random patterns of species 
co-occurrence and body size in anuran assemblages. I also asked how differences in coloration - 
associated with aggressive behavior in O. pumilio - influenced the assemblage structure of these 
communities. I used null models to analyze presence/absence matrices on the distribution of 
1675 anurans of 14 species on six islands and two mainland sites adjacent to the Bocas del Toro 
Archipelago. Finally, in Chapter 5, I summarize findings from Chapters 2-4, and discuss the 
implications of these findings for the assembly of amphibian communities in particular and 
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 Islands, as windows into evolution and community ecology, have attracted the interest of 
biologists for more than a century. Understanding how fauna undergo multiple morphological, 
physiological, behavioral, and life-history changes following isolation has been the focus of 
studies in multiple taxa (Stamps and Buechner 1985, Adler and Levins 1994, Palkovacs 2003, 
Lomolino 2005, Monti et al. 2013). Shifts in body size of island vertebrates as compared to 
neighboring mainland or continental populations are particularly striking patterns in reptiles, 
birds, and mammals (Lomolino 2005, Meiri et al. 2011). Evolution of body size on islands is 
thought to be fast (Lister 1989, Millien 2006) and the phenotypic extremes of gigantism and 
dwarfism have been reported on islands. Body size in birds, some reptiles, and mammals varies 
consistently with the “Island Rule” (i.e., a trend of insular gigantism in small individuals to 
dwarfism in large individuals; Clegg and Owens 2002, Lomolino 2005, but see Meiri et al. 
2011). The opposite pattern (a tendency for small-bodied lizard families to be smaller on islands 
than the mainland and for large-bodied lizard families to be larger on islands) has also been 
observed (Meiri et al. 2011). This suggests that different taxa take different trajectories of size 
evolution, likely as a result of their different ecological responses towards multiple selective 
forces imposed by islands (Meiri et al. 2011).  
 At least four main factors that could differ between islands and mainland areas have been 
proposed to explain changes in the body size of insular vertebrates: predation pressure, resource 
availability, competition, and immigration. First, large body sizes may result from decreased 
predation pressure on islands (Adler and Levins 1994, Palkovacs 2003, Li et al. 2011). 
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Alternatively, the evolution of smaller body sizes on islands could be expected with lower 
predation pressure, because large sizes may be favored to counterbalance predation (Lomolino 
2005, Meiri et al. 2006). Second, lower or higher resource availability on islands as compared to 
the mainland may also cause a decrease or increase in body size of island populations (Palkovacs 
2003). Third, reduced interspecific competition on islands relative to the mainland as a result of 
incomplete colonization, may lead to an increase in body size due to the expansion of the niche 
of insular species (Diamond 1970, reviewed in Grant 2001). In addition, selection may favor 
larger sizes on islands where high intraspecific competition is expected, which may be 
advantageous in aggressive encounters (Clegg and Owens 2002, Robinson-Wolrath and Owens 
2003). Fourth, immigrant selection, in which larger individuals with greater energetic reserves 
are more prone to migrate to islands than smaller individuals, may lead to observed patterns of 
gigantism (Lomolino 2005, White and Searle 2007). These four factors also have the potential to 
influence population density (a variable that may associate with body size;  Peters 1983). For 
example, reduced predation on islands can decrease the extrinsic mortality of populations and 
lead to higher population densities on islands as compared to mainland areas (Palkovacs 2003). 
 Physical characteristics of the islands (e.g., island area, distance from the mainland, and 
island age) also have the potential to indirectly influence body size. Factors such as predation 
pressure, resource availability, competition, and immigration vary according to physical 
characteristics of islands (e.g., immigrant selection with island isolation; ecological release and 
resource availability with island area). Therefore, correlations between island characteristics and 
body size have been found in multiple taxa (reviewed in Lomolino 2005). For example, positive 
correlations between body size and island area as well as distance to the mainland has been 
found in birds (McNab 1994), insects (Palmer 2002), mammals (Heaney 1978, Anderson and 
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Handley 2002, but see White and Searle 2007), and reptiles (Case 1978, Filin and Ziv 2004) in 
multiple regions. In contrast, island age has been found to negatively associate with body size in 
sloths in a tropical archipelago (Anderson and Handley 2002). Despite the widespread 
recognition of body size switches in insular vertebrates, and some speculation on their causes, 
very little is known about body size shifts in amphibians (Wu et al. 2006).  
 Body size switches in island populations of amphibians have been reported in a few 
studies. Increases in body size were observed in three temperate species from China and Italy 
(Castellano and Giacoma 1998, Wu et al. 2006, Li et al. 2011); whereas a reduction in size was 
found in a tropical toad from Brazil (Montesinos et al. 2012).  Body size and density increases 
were observed in rice frogs (Rana linmocharis) in the Zhousan Archipelago, China (Wu et al. 
2006). These changes were mainly explained by the lower predator species richness found on 
islands (i.e., decreased predator pressure) relative to the adjacent mainland (Li et al. 2011). 
Similarly, larger female body sizes of the pond frog Rana nigromaculata, were found on islands 
of the Zhoushan Archipelago (Wang et al. 2009). Female body size in this species significantly 
increased with island area, whereas distance to the mainland did not influence this trait (Wang et 
al. 2009).  
 These results, in which larger body sizes were predominant on islands, and there was no 
influence of island distance to the mainland on body size, differ from findings from several 
studies with other vertebrate groups (see Lomolino 2005). These differences could be the result 
of unique characteristics of amphibians, not shared with other vertebrate groups, such as their 
inability to tolerate prolonged immersion in salt water, which makes immigration across 
seawater rare (Yiming et al. 1998). Therefore, studying the patterns of amphibian body size 
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variation following isolation in archipelagos may improve our understanding of the varied 
outcomes of evolutionary, ecological, and spatial processes in island settings. 
 In this study, I investigated patterns of body size variation in leaf-litter frogs and 
relationships between body size and physical characteristics of the islands in the Bocas del Toro 
Archipelago. Islands in this archipelago formed during the Holocene as a result of sea level rise 
and the subsequent isolation of continental hills and ridges (Wang and Shaffer 2008). Body size 
variation has been observed in one species in the archipelago, the territorial poison frog Oophaga 
pumilio (Daly and Myers 1967, Pröhl et al. 2007), and differences in size among populations in 
one island were also observed (Isla Bastimentos; Richards-Zawacki and Cummings 2010). Pröhl 
et al. (2007) found that O. pumilio exhibited a size reduction trend toward the southeast of its 
distribution. However, patterns of body size variation in O. pumilio in the archipelago have not 
been systematically quantified in detail, and it is not clear whether other sympatric species of 
leaf-litter frogs also vary in size. In this study, I asked three main questions: 1) Does body size of 
the most abundant leaf-litter frogs differ among islands; or shift between islands and mainland? 
2) Are island area, distance to the mainland, and island age associated with body size variation in 
O. pumilio and other species? 3) Do populations within islands exhibit spatially patterned body 
size variation?  
2.2. METHODS 
2.2.1. Study area 
I conducted this study in the Bocas del Toro Archipelago and adjacent mainland located 
along the Caribbean coast of northwestern Panama (Figure 2.1). The Bocas del Toro Archipelago 
contains eight large islands (range = 4.3 - 59 km2) that started separating sequentially from the 
neighboring mainland 10,000 years ago as a result of rising sea levels during the Holocene 
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(Anderson and Handley 2002). Habitat in the archipelago is dominated by tropical rain forest 
evergreen species (Soto et al. 1998). Old secondary forests with high (20 to 40 m above the 
forest floor) and dense canopies with relatively open understory characterize the area, although 
some old primary forests, a few swampy forests, and abandoned cacao plantations can be also 
found in the area (Summers et al. 2003, Spalding 2013). Elevations of forests on the islands 
range between 0 and 72 masl, and from 14 to 200 masl on the mainland sites. Islands in the 
archipelago differ in area, distance to the mainland, and age (Table 2.1).  
 
 
Figure 2.1. Locations of 15 forests studied in the Bocas del Toro Archipelago, Panama. Island 
and mainland forests are represented by red dots on the map. 
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Table 2.1. List of 15 forests surveyed for leaf-litter anurans in the Bocas del Toro Archipelago and adjacent mainland sites. For each 
site, the area, distance to the mainland, age, and location (northern or southern tip on each island) of the surveyed forest are shown. 
The mean body size, standard deviation, and sample size of species surveyed in each site are provided. Body size of males and 
females are pooled. Dashes represent sites where none or only one adult was collected. 
 
 
a Areas and distances estimated using Google Earth Pro (https://www.google.com/earth/)  
 
b Anderson and Handley (2001) 
Site Area 
(sq km) a   
Distance to 
mainland 
(km) a   
Age 
(years) b   
Forest 
location 









Cayo de  
Agua 
14.33 12.27 3400 North 9° 9'27.06"N; 82° 2'48.77"W 13.23 ± 0.41 
n=8 
– 22.21 ± 2.16 
n = 8 
17.28 ± 0.54 
n=38 South 9° 8'17.51"N; 82° 1'49.67"W 
Isla 
Bastimentos 
55.97 15.35 4700 North 9°20'37.47"N; 82°11'39.78"W 13.35 ± 0.23 
n=2 
21.41 ± 1.24 
n=23 
20.48 ± 2.25 
n=19 
17.46 ± 1.77 
n=66 South 9°18'12.88"N; 82° 6'26.76"W 
Isla Colon 62.78 1.49 5200  North 9°25'25.03"N; 82°16'12.82"W 13.08 ± 0.51 
n=16 
21.37 ± 1.12 
n=18 
20.51 ± 4.66 
n=14 
18.32 ± 0.85 
n=48 South 9°22'50.17"; N82°15'5.77"W 
Isla Popa 52.23 1.95 1000  North 9°12'49.90"; 82°6'54.32"W 13.25 ± 0.39 
n=18 
21.54 ± 0.79 
n=8 
23.38 ± 1.44 
n=4 
17.38 ± 1.23 
n=51 South 9°9'12.18"; 82° 7'32.23"W 
Isla San 
Cristobal 
35.68 0.56 1000  North 9°16'16.99"N; 82°15'28.06"W – – 18.24 ± 2.14 
n=4 
18.16 ± 1.58 
n=61 South 9°14’50.81"N;82°15'20.83W 
Isla Solarte 7.53 14.31 1000 North 9°19'35.66"N; 82°12'31.58"W – 21.41 ± 1.06 
n=12 
22.52 ± 3.18 
n=10 
17.83 ± 1.49 
n=50 South 9°18'41.46"N; 82°10'31.17"W 
Mainland 
Changuinola – 0 – – 9°22'41.75"N; 82°30'34.07" – 20.54 ± 0.06 
n=2 




– 0 – – 9°25'43.78"N; 82°20'41.37"W – – 21.88 ± 3.25 
n=8 
– 
Rana Azul – 0 – – 9°10'30.31"N; 82°16'11.60"W 13.82 ± 0.91 
n=2 
21.22 ± 1.11 
n=10 
23.39 ± 3.18 
n=13 
19.07 ± 0.58 
n=27 
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For this study, I selected twelve forests located in the northern and southern tips of each 
of six islands (2 forests per island) and three forests located on the mainland (Table 2.1; Figure 
2.1). I selected forests based on the criteria that they were: 1) late secondary or mature, not 
showing signs of recent disturbance; 2) large in size, with areas equal to or larger than 60 ha; and 
3) included lower and higher elevations representative of the topography of the area. Finding 
forests that met all criteria on the mainland was not possible due to the prevalence of cacao 
plantations. However, the three forests selected on the mainland area (two adjacent to the 
archipelago and one located a short distance away), met the first and third criteria. Forests 
located on the mainland were smaller than 60 ha. Forests from two additional large islands were 
not included in this study because they did not fit any of the above criteria (e.g., absence of 
mature forest on Isla Pastores), or because logistic constraints kept me from surveying them 
(e.g., Escudo de Veraguas, located well east of the main island chain; Wang and Shaffer 2008).  
2.2.2. Anuran sampling and measurement 
I surveyed anurans between the months of October and December of 2012 during the day 
(7:30 am – 6:30 pm). Previous to start a survey, I randomly assigned the order of visits to each 
forest. I conducted 10 rectangular visual encounter transects of 100 x 2 m at each forest (Heyer 
1994, Lips et al. 2001) for a total of 20 transects per island. Only 5-10 rectangular transects were 
used to survey mainland forests as a result of their smaller area (see above). I selected transects 
daily at random and began from different entrance points to each forest. I selected entrance 
points prior to the surveys, with the goal of accessing the forest from different cardinal 
directions, and surveying the minimum, median, and maximum points of elevation at each site. 
Transects were separated by a distance of 200 m from neighboring transects to increase 
independence (Ernst and Rödel 2006) and followed altitudinal contour lines. During each survey, 
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two people walked each transect at a constant speed while turning over leaf litter, logs, and rocks, 
and scanning all vegetation below 2 m.  
Anurans were captured by hand upon observation and were placed in plastic bags filled 
with leaf litter until each transect was completed. At the end of each transect, I identified the 
species and sex of sexually mature anurans of species that exhibited secondary sexual characters 
such as dark throat coloration (Savage 2002). I measured the snout-vent length (SVL) three 
consecutive times, and the mouth width, head width, head length, and eye-nostril distance of 
each frog once. These variables were selected because they are typically used to quantify body 
size in anurans (e.g. Duellman 2001) and have been shown to be associated with prey size in 
some frogs, including most of the leaf-litter species included in this study (Toft 1981, Caldwell 
and Vitt 1999, Batista et al. 2011, Benard and Middlemis Maher 2011). All measurements were 
recorded to the nearest 0.01 mm using a high precision digital caliper. I also weighed each frog 
to the nearest 0.01 g using a high precision pocket digital balance (AWS 100 g x 0.01 g). 
2.2.3. Statistical analysis 
I restricted analyses to adults of abundant species in the archipelago that were present on 
at least four islands and one site on the mainland: Allobates talamancae, Andinobates claudiae, 
Craugastor polyptychus, and Oophaga pumilio. Data transformations were made to meet the 
requirements of parametric tests. Body size measurements of adults, island area, and island age 
were log transformed, whereas the distance to the mainland, and species density were log (x + 1) 
transformed. I distinguished adults from juveniles based on the minimum reproductive size 
reported in the literature (Savage 2002, Lötters et al. 2007), or the minimum size found during 
the surveys for reproductive individuals (i.e., individuals exhibiting secondary sexual 
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characteristics, or individuals found calling, or carrying eggs or tadpoles); whichever was 
smallest.  
I conducted a principal component analysis (PCA) to partition the body size variables 
measured into orthogonal axes and to assess correlations among variables. The first PC axis 
(PC1) accounted for 89% of the variation, whereas other axes accounted for <3% of the 
variation. Loadings for PC1 were similar for all variables (range = 0.401-0.416). Despite similar 
loadings among variables, I decided to use SVL as the standard measure of adult body size for all 
analyses for two reasons: 1) all measured variables were strongly correlated with SVL (results 
not shown); and 2) SVL has been traditionally used in previous studies of body size shifts and 
body size evolution in frogs (e.g., Moen and Wiens 2009, Li et al. 2011) making my results 
comparable with those studies. I used two sample t-tests to assess differences in body size 
between sexes of two species (A. talamancae and O. pumilio) that exhibited secondary sexual 
characteristics easily identifiable in the field (Savage 2002). No visible sexual differentiation in 
one additional species (A. claudiae), or no collection of data independently for males and 
females of another species (C. polyptychus), prevented me from conducting these analyses in 
these two species.  
 I performed nested ANOVAs to test for differences in body size of each species among 
sites and among locations (north vs. south) nested within sites. When the models were 
significant, I used Tukey-Kramer post hoc tests for unequal samples to compare means. Data met 
assumptions of normality and equality of variances. I conducted simple linear regressions and 
robust regressions (i.e., down-weighting significant outliers) to determine the relationships 
between body size and island area, distance to the mainland, and island age. I also conducted 
simple and robust regressions to identify associations between population density and the above 
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island characteristics. Two sets of simple and robust regressions were performed for each 
species: one including islands and mainland sites, and another one including islands exclusively. 
In the first set of regressions, I assigned zeroes to mainland sites for the distance to the mainland 
and age since separation from the mainland, following Anderson and Handley (2002). NA’s 
were assigned to the area of mainland sites. Pearson correlation was used to test for relationships 
between body size and population density of species that exhibited size variation among sites. 
Also, Pearson correlation was used to test for associations among the island characteristics 
explored in this study (island area, distance to the mainland, and age). Only a marginal 
correlation between age and distance to the mainland was found (area vs. distance, t4 = -1.334, p 
= 0.253; area vs. age, t4 = 0.791, p = 0.473; age vs. distance, t6 = 2.405, p = 0.053).  
I conducted all analysis using the R Statistical Software 3.1.2 (R Core Team 2014). 
Tukey-Kramer post hoc tests were performed using the asbio package (Aho 2016), and robust 
regressions were conducted using the MASS package (Venables and Ripley 2002).  
2.3. RESULTS 
Allobates talamancae males and females differed in body size (t64 = -2.5188, p value < 
0.01), whereas size of males and females of O. pumilio did not differ in body size (t339 = -0.9546, 
p = 0.170). Results from the Nested ANOVA revealed variation in body size among sites in only 
two species: C. polyptychus and O. pumiio (C. polyptychus, F7,68  =  2.22, p = 0.04; O. pumilio, 
F7,344  =  11.15, p < 0.001). Specifically, O. pumilio from five islands exhibited smaller body size 
than frogs on mainland sites (Table 2.2; Figure 2.2a), and variation among islands was also 
observed (Table S2.1; Figure 2.2a). However, O. pumilio size did not differ between mainland 
sites (Tukey-Kramer posthoc test: p = 0.9154). C. polyptychus showed a trend towards smaller 
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Table 2.2. p values of Tukey-Kramer post hoc tests for comparisons of body size of two leaf-
litter frogs between islands and mainland sites in the Bocas del Toro Archipelago. Significant 
results (p < 0.05) are written in italic. The direction of size differences for islands as compared to 
mainland sites is shown. “Decrease” indicates that smaller body sizes are found on islands than 
mainland sites. Note that frogs of each species were found only in two of the three mainland sites 
surveyed. Dashes represent sites where no individuals were found. 
 
Island Mainland site          C. polyptychus         O. pumilio 
  p value Trend     p value Trend 
Cayo de Agua 
 
Changuinola – – <0.001 Decrease 
Rana Azul 0.994 No trend <0.001 Decrease 
Punta San-San 0.999 No trend – – 
Isla Bastimentos Changuinola – – <0.001 Decrease 
Rana Azul 0.220 No trend <0.001 Decrease 
Punta San-San 0.969 No trend – – 
Isla Colon Changuinola – – <0.01 Decrease 
Rana Azul 0.184 No trend 0.102 No trend 
Punta San-San 0.931 No trend – – 
Isla Popa Changuinola – – <0.001 Decrease 
Rana Azul 1.000 No trend <0.001 Decrease 
Punta San-San 0.992 No trend – – 
Isla San Cristobal Changuinola – – 0.909 No trend 
Rana Azul 0.007 Decrease 1.000 No trend 
Punta San-San 0.466 No trend –  
Isla Solarte Changuinola – – <0.001 Decrease 
Rana Azul 0.833 No trend <0.001 Decrease 
Punta San-San 0.999 No trend   
 
body size on only one island (San Cristobal) relative to the mainland (Table S2.1; Figure 2.2b). 
Body size in the other two species did not vary among sites (A. talamancae: females, F4,34  = 
0.084, p = 0.987; males, F4,18 = 0.783 males and females, F4,63 = 0.270, p = 0.896; A. claudiae: 
F4,38 = 1.161, p  = 0.343; Table S2.1). 
Body size of O. pumilio differed between northern and southern localities within sites 
(F6,344 =  99.97, p < 0.001), showing larger body sizes in the northern tip than the southern tip on  
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Figure 2.2. Variation in body size of a) O. pumilio and b) C. polyptychus represented as the 
snout-vent length in the Bocas del Toro Archipelago and adjacent mainland. Sites are shown in 
ascending order based on distance to the mainland from left to right. Mainland sites are 
represented by asterisks on labels. Labels reference the name of the island and mainland site: 
Agua = Cayo de Agua; Bast= Isla Bastimentos; Colon = Isla Colon; Chan = Changuinola; Popa 
= Isla Popa; Rana = Rana Azul; SanSan = Punta San-San, and Sol = Isla Solarte. Boxes span the 
first and third quartiles of the data, horizontal lines represent the medians. Whiskers span the 
95% central ranges of the data. Black circles represent data outside of these ranges. Note that the 
y-axis scale differs between figures. 
 
two islands (Isla Bastimentos and Isla Solarte; Table S2.2; Figure 2.3), and the opposite pattern 
on one island (Isla Popa; Table S2.2; Figure 2.3). Other species did not exhibit body size 
differences between northern and southern localities within islands (A. claudiae, F3,38 = 1.291, p 
= 0.291; A. talamancae, F4,63 = 0.270, p = 0.896; C. polyptychus, F4,68 = 0.946, p =  0.443). 
The distance to the mainland significantly associated with body size of O. pumilio. This 
result was similar for regressions that included island and mainland sites (Table 2.3; Figure 2.4), 
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Figure 2.3. Body size represented as snout-vent length of O. pumilio in northern (in white) and 
southern (in gray) localities within six islands of the Bocas del Toro Archipelago. Sites are 
shown in ascending order based on distance to the mainland from left to right. Labels reference 
the name of the island and mainland site: Agua = Cayo de Agua; Bast= Isla Bastimentos; Colon 
= Isla Colon; Popa = Isla Popa; Rana = Rana Azul; SanSan= Punta San-San, and Sol = Isla 
Solarte. Boxes span the first and third quartiles of the data, horizontal lines represent the 
medians. Whiskers span the 95% central ranges of the data. Black circles represent data outside 
of these ranges. Significantly different comparisons are represented by asterisks (**p < 0.001). 
 
Table 2.3. Simple and robust regression analyses assessing relationships between body size of 
two leaf-litter frogs and island area, island age, and distance to the mainland. Two sets of 
analyses are shown: one including islands and mainland sites, and another excluding mainland 
sites. Adjusted R-squared values and p values in brackets are presented for simple regression 
analyses. Only p values are shown for robust regression. Significant results (p < 0.05) are written 
in italic. 
 
Explanatory variables Mainland and islands Islands 
 Simple regression Robust regression Simple regression Robust regression 
O. pumilio 
Island area -0.191 (0.681) (0.706) -0.191 (0.681) (0.706) 
Island age 0.342 (0.075) (0.111) -0.236 (0.841) (0.529) 
Distance to mainland 0.492 (0.031) (<0.001) 0.118 (0.266) (0.026) 
C. polyptychus 
Island area -0.205 (0.719) (0.599) -0.205 (0.719) (0.599) 
Island age -0.165 (0.948) (0.866) 0.065 (0.310) (0.192) 
















 ** **  **
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Figure 2.4. Relationships among mean body size of O. pumilio (represented as snout-vent length) 
and distance to the mainland (a); island area (b); and island age (c) of islands and mainland sites 
in the Bocas del Toro Archipelago. 
 
In contrast, island area and island age were not related to O. pumilio body size in any set 
of analyses (Table 2.3; Figure 2.4). Population density of O. pumilio was also associated with 
distance to the mainland when islands and mainland sites were included in the analysis (simple 
regression: R2 = 0.467, p = 0.037; robust regression: p = 0.041; Figure 2.5), but this relationship 
disappeared when only islands were included (simple regression: R2 = 0.273, p = 0.165; robust 
regression:  p = 0.187). Population density of O. pumilio was not related to island area or island 
age in analyses that included islands and mainland sites (simple regression: area, R2 = -0.222, p = 
0.777; age, R2 = 0.288, p = 0.10; robust regression: area, p = 0.777; age, p = 0.08; Figure 2.5); or, 
excluding mainland sites (simple regression: area, R2 = -0.222, p = 0.777; age, R2 = 0.577, p = 
0.05; robust regression: area, p = 0.732; age, p = 0.09; Figure 2.5). Population density did not 
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between C. polyptychus body size and island area, distance to the mainland, age, or frog density 




Figure 2.5. Relationships among mean population density of O. pumilio and distance to the 




Body size shifts of insular populations have been documented for a range of vertebrate 
taxa, although evidence for amphibians relies on very few studies. This study provides evidence 
for body size reduction on island populations as compared to mainland populations for one 
species of tropical frog, the territorial O. pumilio. Mean body size of this species decreased on 
five of the six islands studied and was associated with island distance to the mainland. Strong 
variation between north and south populations within three islands was also evident for O. 
pumilio. Consistent body size variation was not detected in any of the other three species of leaf-
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one island (San Cristobal). Although, small sample sizes for species like A. claudiae could have 
prevented me from finding other body size shifts. 
Results of this study are consistent with Anderson and Handley (2001), who found a 
repeated pattern of dwarfism in three-toed sloths in the Bocas del Toro Archipelago. Mean body 
size of sloths from five islands (four included in this study) where smaller than sloths from 
populations of the adjacent mainland, and body size among islands also varied. However, unlike 
Anderson and Handley (2002), who found a strong association between sloth body size and 
island age (likely as a result of uniform directional selection for smaller sizes on islands), O. 
pumilio size was not related to island age. Also, I did not find a relationship between body size 
and island area, concurring with recent studies that found little empirical support for this 
relationship (Meiri et al. 2005, Schillaci et al. 2009, Meik et al. 2010). Instead, I found a 
negative association of frog size with distance from the mainland source. Distance to the 
mainland is expected to influence body size as a result of the higher immigration rates to islands 
closer to the mainland than farther islands, which dilutes in situ divergence due to gene flow 
(MacArthur and Wilson 1967). Hence, immigration from the mainland to nearest islands may 
play an important role in the body size evolution of O. pumilio. Despite that amphibians are less 
likely than other vertebrates to migrate among islands separated by seawater (Yiming et al. 
1998), they can sporadically cross salt water via air currents, rafting, and also with humans 
(Myers 1953). Because some populations of O. pumilio are found on islands with dense human 
populations and extensive tourism, frog translocations by humans are likely (Rudh et al. 2007) 
and could explain the pattern observed. 
Positive relationships between body size and distance to the mainland have been reported 
for some birds, mammals, and reptiles (summarized in Lomolino 2005). This pattern has been 
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explained by the higher probability for larger individuals to survive attempts to immigrate to 
islands, particularly in small species (Lomolino 1985, 2005, White and Searle 2007). Fewer 
studies have found a negative relationship between body size and distance to the mainland as 
was seen in this study. For example, Heaney (1978) found a negative relationship between body 
size of three-colored squirrels and island area, and also between body size and distance to the 
nearest large body of land. However, he suggested that the latter association could result from 
the tendency of island area to decrease with distance to the mainland.  In contrast to Heaney 
(1978), I did not find an association between island area and frog size; or between island area 
and distance to the mainland in the Bocas del Toro Archipelago.  
Despite the few studies showing a negative association between body size and distance to 
the mainland, finding this relationship is expected because the effects of resource limitation and 
predator release (two main causal mechanisms for changes in insular body size) vary with island 
characteristics like isolation (Lomolino 2005). Limited resource availability on islands (which is 
likely to be exacerbated with distance from the mainland) can slow growth rates, delay age of 
maturity, and lead to reductions in adult body size and population density (Wilbur 1980, Anholt 
1991). Resource limitation may select for body size reduction on islands because smaller 
individuals require less energy for survival and reproduction (Lomolino 2005). Smaller body size 
has been associated with resource limitation in island mammals (Lomolino 1985, Roth 1992) and 
one species of frog from one island of the Zhousan Archipelago (F. limnocharis) during the 
reproductive season (Wu et al. 2006). Therefore, resource limitation on islands could explain the 
reduction in body size patterns observed in O. pumilio in this study. Two of the farther islands 
from the mainland where I captured small-bodied O. pumilio (Cayo de Agua and Isla Solarte) 
were characterized by the presence of both well-drained and swampy lowland forests. Oophaga 
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pumilio from swampy lowland forests in this islands may experience food limitation as a result 
of its specialized diet consisting of small ants and mites; a diet known to be less diverse than 
diets of other sympatric species like C. polyptychus (Donnelly 1994). Even though I did not 
quantify differences in resource availability in this study, the smaller population densities of O. 
pumilio found on islands in comparison with the adjacent mainland suggests that forests on 
islands may be resource limited. This relationship is expected because decreases in resource 
availability in islands can lead to lower carrying capacities, which consequently could facilitate 
lower densities and lower growth rates of frogs (Wu et al. 2006).  
Ecological release on islands may also lead to a reduction in prey body size because 
larger sizes are likely needed to counterbalance predation (Lomolino 2005, Meiri et al. 2006). 
However, the opposite pattern, an increase in body size as a result of decreased predation 
pressure on islands has also been largely documented (Adler and Levins 1994, Palkovacs 2003, 
Li et al. 2011). Notably, predator release on islands not only has the potential to influence body 
size but also to lead to higher population densities (Buckley and Jetz 2007, Li et al. 2011) by 
decreasing the mortality rates (Adler and Levins 1994, Palkovacs 2003). Therefore, smaller O. 
pumilio body sizes and lower population densities in island forests of the Bocas del Toro 
Archipelago as compared to mainland forests may suggest that: 1) predation pressure is not 
significantly lower on islands than the adjacent mainland of the archipelago (or on islands 
located farther from the mainland); or 2) the effects of decreased body size and mortality by 
changed resource availability predominates over the effects of reduced predation pressure on 
island populations (Li et al. 2011). The latter is a plausible explanation for aposematic species 
like O. pumilio, which have specialized diets (see above) and attenuate predation risk by 
coupling visual signals and toxic defense, becoming unpalatable or unprofitable for predators 
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(Ruxton et al. 2004). Together, these results suggest that resource limitation may explain the 
patterns of body size reduction observed in O. pumilio. However, studies assessing the patterns 
of resource availability, the identification of potential predators of this species, and the 
documentation of their richness and abundance in forests across the Bocas del Toro Archipelago 
and the adjacent mainland are needed.  
Body size reductions observed in this study contrast with previous studies on anurans in 
temperate zones that found increases in the body size of island populations of two pond frogs in 
the Zhoushan Archipelago in China (Wang et al. 2009, Li et al. 2011) and a toad from Sardinia, 
Italy (Castellano and Giacoma 1998). Body size increases in the latter were suggested to result as 
a physiological adaptation to cold weather, which allowed island individuals to have longer 
reproductive seasons than mainland individuals by starting their reproductive activity earlier 
(Castellano and Giacoma 1998). My results, however, are consistent with a recent study of the 
tropical toad, Rhinella ornate, a large species that showed reductions in body size in two of three 
islands close to Rio de Janeiro, Brazil (Montesinos et al. 2012). Montesinos et al. (2012) 
predicted that reductions in body size should be expected in other tropical insular situations 
where mild winters and hot and rainy summers predominate, because frogs do not have to 
physiologically adapt to cold weather as in temperate zones. My study supports this prediction 
and expands on previous research showing that small-sized species like O. pumilio (one of the 
smallest leaf-litter frogs in the Bocas del Toro Archipelago and the adjacent mainland; Chapter 3 
of this dissertation) may also exhibit body size reductions on islands. Increases in body size of 
island populations of small species (i.e., gigantism), and reductions in large species (i.e., 
dwarfism) following the “Island Rule” have been reported for other vertebrates (Clegg and 
Owens 2002, Lomolino 2005, Meiri et al. 2011). In contrast, the opposite pattern has been 
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observed for lizards (Meiri et al. 2011). The paucity of amphibian studies prevent us from 
knowing whether or not this group follows the “Island Rule”, however, increases in body size of 
large species in temperate zones, and reductions in body size of the small O. pumilio observed in 
this study, do not fit with predictions of this rule. 
 Notably, northern and southern populations of O. pumilio within three of the islands 
studied also exhibited differences in body size. O. pumilio from northern populations within two 
islands (Isla Bastimentos and Isla Solarte) were larger than frogs from southern populations. The 
opposite pattern, larger frogs in northern populations than southern populations within another 
island (Isla Popa), was observed. Finding these patterns of body size variation between extreme 
locations within islands suggests that different selection pressures among populations likely 
influence the body size evolution of O. pumilio in the Bocas del Toro Archipelago. Body size has 
traditionally been considered a result of conflicting selection pressures such as natural selection 
and sexual selection (Wikelski and Trillmich 1997). Sexual selection plays an important role in 
driving coloration divergence of O. pumilio in the Bocas del Toro Archipelago, although natural 
selection, drift, and expansion and isolation also shape coloration in this species (summarized in 
Gehara et al. 2013). Little is known about the role that multiple selection pressures, including 
sexual selection, play in shaping the body size of this and other polymorphic frogs. Further 
research is required to understand the role that multiple selection pressures play in the observed 
patterns of body size, and also to explore whether plastic responses to the environment, for 
example to prey or temperature, could drive the differences found here.  
Body size influences almost all life-history parameters and some behaviors in animals, 
therefore body size shifts could also reveal insular shifts in life-history traits, which may have 
important fitness implications. For example, larger egg size and less reproductive effort 
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characterize larger pond frogs from islands of the Zhousan Archipelago as compared with the 
adjacent mainland (Wang et al. 2009). Offspring from large eggs reach metamorphosis sooner, 
get larger, and have higher fitness in comparison to offspring from smaller eggs (Kaplan 1992, 
Dziminski and Roberts 2006). These traits likely increase survival in dense populations at the 
Zhousan Archipelago (Wang et al. 2009), providing advantages in both intra- and interspecific 
encounters. Also, shifts in aggressiveness and anti-predator behaviors between islands and the 
mainland have been observed in other taxa (e.g., reduced aggressiveness in rodents, Adler and 
Levins 1994, and lost of anti-predator behavior in marsupials, Blumstein and Daniel 2005). 
Despite the recognition of life history and behavioral shifts in birds, mammals and reptiles, only 
one study has reported such shifts in amphibians (Wang et al. 2009). Exploring whether life 
history and behavioral traits associate with body size variation in anurans from island ecosystems 
like O. pumilio (e.g., Chapter 2 in this dissertation), may improve our grasp of the ecological 
implications of body size variation on population dynamics and potentially community structure 
in insular settings.  
 Findings in this study contribute new insights into the ecological generality of body size 
shifts of insular vertebrates. My results showed reductions in body size of a small species of 
tropical leaf-litter frog, the polymorphic O. pumilio, in a manner that does not fit with predictions 
of the “Island Rule”. Body size reductions on islands as compared to the mainland were also 
found in the only tropical amphibian previously studied (Montesinos et al. 2012). This suggests 
that island size reductions could predominate in amphibians from tropical insular systems 
(Montesinos et al. 2012), contrasting with the increase in body size observed in temperate 
species. However, further research in tropical and temperate amphibians will be needed to better 
understand if these trends are generalized. Continuing the study of patterns of amphibian body 
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size variation following isolation may improve our understanding of the varied outcomes of 
evolutionary, ecological, and spatial processes in island settings, as different taxa likely respond 
differently towards multiple selective forces imposed by island ecosystems. 
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CHAPTER 3. COLORATION IN THE POLYMORPHIC FROG Oophaga pumilio 
ASSOCIATES WITH LEVEL OF AGGRESSIVENESS IN INTRASPECIFIC AND 
INTERSPECIFIC BEHAVIORAL INTERACTIONS1 
 
3.1. INTRODUCTION 
Individuals within species differ in multiple morphological traits that may associate with 
behaviors that can influence the strength of intraspecific and interspecific agonistic interactions. 
Intrapopulation morphological variation is associated with variation in alternative reproductive 
tactics and aggression levels in several taxa. Body size, for example, is often a good predictor of 
aggressiveness and dominance in agonistic intraspecific interactions (rewieved in Hsu et al. 
2006). Similarly, presumed signaling traits, such as coloration, may function as good indicators 
of aggression and dominance in conspecific (Sinervo and Lively 1996, Pryke and Griffith 2006, 
Healey et al. 2007, Dijkstra et al. 2009, Bastiaans et al. 2013) and some heterospecific 
encounters (Dijkstra et al. 2005, Anderson and Grether 2010, Lehtonen et al. 2010).  
Coloration is expected to correlate with behavior to increase the effectiveness of anti-
predator strategies. Behavioral traits that increase exposure, for example, should be favored in 
conspicuous organisms because the exaggeration of both traits may increase the effectiveness of 
signals. This kind of phenotypic integration (i.e. the correlation of multiple phenotypic traits 
reflecting genetic, developmental, or functional interactions) may evolve when some phenotypic 
combinations of different traits are favored by natural selection (Pigliucci 2003). In multiple taxa 
of toxic prey, enhanced protection from predators via aposematism may counterbalance the 
selective disadvantage of behaviors that would otherwise increase detection (e.g., foraging and 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Reprinted from Behavioral Ecology and Sociobiology with permission from Springer-Verlag 
Berlin Heidelberg. Citation: Galeano S.P., Harms K.E. 2016. Coloration in the polymorphic frog 
Oophaga pumilio associates with level of aggressiveness in intraspecific and interspecific 
behavioral interactions. Behavioral Ecology and Sociobiology 70:83-97. 
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movement; Grant 2007, Speed et al. 2010, Pröhl and Ostrowski 2011). The rate at which these 
behaviors occur influences conspicuousness and simultaneously influences escape behavior. As a 
result, behaviors that enhance detection are expected to be favored in aposematic organisms 
because they increase the effectiveness of signals, whereas the opposite is expected for non-
toxic, cryptic prey (Grant 2007, Speed et al. 2010).  
Several examples of associations between coloration conspicuousness and behavior come 
from comparisons among species (Stamp and Wilkens 1993, Bernays and Singer 2002, Merilaita 
and Tullberg 2005). However, more recent studies have examined this association among 
individuals of single conspicuous populations (Bastiaans et al. 2013, Rojas et al. 2014, Crothers 
and Cummings 2015) or among morphologically distinct populations of a single species 
(Mochida 2009, Pröhl and Ostrowski 2011, Rudh et al. 2013, Willink et al. 2013). For example, 
populations with more conspicuous ventral patches in the salamander Cynops pyrrhogaster 
performed the “unken reflex” (an anti-predator behavior that enhances the effectiveness of the 
aposematic coloration) more frequently than salamanders with less conspicuous patches 
(Mochida 2009). Similarly, individuals from more conspicuous, red populations of the poison 
frogs Oophaga pumilio and O. granulifera were more active and spent more time foraging than 
frogs from green populations (Pröhl and Ostrowski 2011, Willink et al. 2013). Brightness (a 
conspicuousness-related trait that increases predator learning; Prudic et al. 2007) associated with 
aggressive behavior in one of the conspicuous populations of O. pumilio. Brighter males were 
more willing to initiate aggressive interactions with conspecifics by calling more quickly than 
their duller counterparts (Crothers and Cummings 2015), eliciting more calls to bright rivals and 
exhibiting lower advertisement call pulse rates (Crothers et al. 2011).  These studies suggest that 
color variation among populations of toxic organisms can associate with alternative behavioral 
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strategies that include alternative anti-predator behavior. However, none of these studies have 
examined the effects of these strategies on the outcomes of interspecific interactions other than 
those between predator and prey. In this study, we take a different approach, by examining the 
effects of these strategies on interspecific, intraguild agonistic interactions.  
Agonistic interactions among animals (i.e., interactions associated with conflict) are often 
mediated by aggressive behavior. Aggression among conspecifics affects access to resources and 
reproductive opportunities, whereas heterospecific aggression usually relates to resource use 
(Peiman and Robinson 2010).  Heterospecific aggression is widespread in nature and is often as 
costly as intraspecific aggression (Peiman and Robinson 2010, Grether et al. 2013). Furthermore, 
heterospecific aggression has the potential to influence the abundance and distribution of species 
if more aggressive species obtain better access to resources or to more valuable resources by 
securing better territories, while excluding less aggressive species (Robinson and Terborgh 1995, 
Duckworth and Badyaev 2007, Galeano and Harms 2016). Despite its prevalence and potential 
effect on community structure, heterospecific aggression has not received the same attention as 
aggression among conspecifics (Peiman and Robinson 2010) or other interspecific interactions in 
ecological studies (Grether et al. 2013).  
We used the territorial and extremely phenotypically diverse poison frog O. pumilio to 
examine the association of coloration and body size with aggressiveness, and its effects on the 
outcomes of agonistic interactions with conspecifics of the same morph and heterospecifics. O.  
pumilio is relatively monomorphic in color on Nicaragua and Costa Rica but exhibits extensive 
morphological variation in coloration and size in the Caribbean coast of northwestern Panama, 
including the Bocas del Toro Archipelago (Daly and Myers 1967). Frogs from different islands 
in this archipelago exhibit either conspicuous, presumably aposematic colors such as red or 
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orange, or dull, presumably cryptic colors such as green (Wang and Shaffer 2008, Maan and 
Cummings 2012). However, one population on the northwest tip of one island (Isla Bastimentos; 
Wang and Shaffer 2008, Richards-Zawacki and Cummings 2010) is polymorphic in color. At 
least 15 phenotypes occur in the archipelago, covering almost the entire visible spectrum range 
(Daly and Myers 1967, Maan and Cummings 2009). O. pumilio also vary in size among islands, 
exhibiting a body size reduction toward the southeast of the archipelago (Pröhl et al. 2007). This 
body size gradient does not seem to coincide with a coloration gradient, as large-bodied and 
small-bodied populations are represented by both red and green morphs. 
Previous research indicates that sexual selection plays an important role in driving color 
divergence for O. pumilio (Summers et al. 1999, Reynolds and Fitzpatrick 2007, Maan and 
Cummings 2009, Richards-Zawacki and Cummings 2010), possibly following geographic 
isolation and drift (Rudh et al. 2007, Brown et al. 2010), expansion and isolation (Gehara et al. 
2013), or interacting with drift (Tazzyman and Iwasa 2010). Natural selection by predators may 
also influence color divergence (Crothers and Cummings 2013) and may interact with sexual 
selection (Rudh et al. 2011, Maan and Cummings 2012) to drive this divergence. Cumulative 
evidence also suggests that more conspicuous morphs are presumably aposematic in contrast to 
less conspicuous morphs (Siddiqi et al. 2004, Maan and Cummings 2008, 2012, Hegna et al. 
2013). Conspicuousness of frog coloration correlated with frog toxicity on some islands of the 
archipelago (Maan and Cummings 2012; but see Daly and Myers 1967), suggesting that 
coloration may be an honest signal of unprofitability to predators. Vision models revealed that 
colors exhibited by O. pumilio can be easily detected by both conspecifics and model predators 
(Siddiqi et al. 2004, Maan and Cummings 2012). In addition, red clay models suffered lower 
attack rates (interpreted as predation) than green models on an island where green was the 
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resident morph (Hegna et al. 2013). Understanding the causes of variation in coloration in O. 
pumilio has been the focus of studies in this region for decades, but little attention has been 
directed toward the potential ecological implications that both coloration and body size variation 
in this species have on species interactions other than those between frogs and their predators.  
In this study, we examined how intraspecific variation in coloration and body size in O. 
pumilio associates with territorial aggressiveness and how this association influences agonistic 
interactions with conspecifics of the same morph and heterospecifics. We focused on the 
chromatic component of coloration instead of the brightness component, which has been the 
focus of recent studies in this species (see above). We hypothesized that coloration would be a 
good indicator of aggressive behavior and the outcome of agonistic interactions in O. pumilio 
independent of body size, as a result of the enhanced protection from predators that would allow 
more conspicuous, presumably aposematic frogs to exhibit bolder behaviors that enhance 
detection, than less conspicuous, presumably cryptic frogs. We predicted that frogs from more 
conspicuous, red populations of O. pumilio - as compared to frogs from less conspicuous, green 
populations - would: 1) exhibit enhanced aggression toward conspecifics of the same morph and 
heterospecifics and 2) dominate most intraspecific and interspecific encounters. We built our 
predictions on the underlying assumption that frogs from more conspicuous, red populations 
exhibit aposematic strategies, in contrast to frogs from less conspicuous, green populations. This 
assumption is based on cumulative evidence from previous studies (Siddiqi et al. 2004, Maan 
and Cummings 2008, 2012, Pröhl and Ostrowski 2011, Hegna et al. 2013). Regardless of 
whether or not the assumption of aposematism is correct for the red morphs vs. green morphs, 
finding associations between coloration and heterospecific aggressiveness would provide 
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evidence for a connection between population-specific traits and the strength of interspecific, 
intraguild behavioral interactions.  
3.2. METHODS 
We conducted a paired resident/intruder encounter experiment at the Bocas del Toro 
Research Station, Smithsonian Tropical Research Institute, Panama, in 2012. In all trials of this 
experiment, an individual (intruder) was placed in the territory of another individual (resident) in 
a manner that permitted non-lethal conflict. None of the frogs were injured during the 
experiment. 
3.2.1. Frog species 
We included three species from the Bocas del Toro Archipelago: O. pumilio, Phyllobates 
lugubris, and Andinobates claudiae (Dendrobatidae). These are small poison frogs that use 
similar habitats for foraging, calling, and breeding in the forested habitats on some islands of the 
Bocas del Toro Archipelago and nearby mainland. Frogs of these species can be found in 
primary and secondary forests, foraging and laying their eggs on the leaf litter and transporting 
their larvae to phytotelmata, including Heliconia bracts, bromeliad axils, tree holes, and other 
small pools on or above the forest floor (Savage 2002). A few studies suggest that competition 
for resources potentially occurs among the species studied. P. lugubris was suggested to compete 
for food sources with O. pumilio (Baugh and Forester 1994). Diet overlap between these two 
species is likely a result of their preference for formicids (Lieberman 1986) and their similar 
body size, which associated with prey size within frog specialist guilds in previous studies (Toft 
1980a). Also, calls of P. lugubris are likely potent acoustic maskers for O. pumilio calls. The two 
species’ calls closely resemble one another’s, and O. pumilio lowered the dominant frequency of 
its calls following playbacks of P. lugubris (Wong et al. 2009). This suggests that acoustic 
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communication interference could occur between these two species. O. pumilio and A. claudiae 
deposit their larvae in water-filled leaf axils (Lötters et al. 2007); limitation by this shared 
resource could result in competition. Competition among conspecifics for limited bromeliad 
availability was observed in O. pumilio (Donnelly 1989), and phytotelmata have been suggested 
to be limited resources for poison frogs in some areas (Donnelly 1989, Heying 2004).  
O. pumilio is a territorial species, with populations from different islands generally 
exhibiting either conspicuous, presumably aposematic colors or dull, presumably cryptic colors 
(Wang and Shaffer 2008, Maan and Cummings 2012). This species also exhibits remarkable 
body-size variation in the archipelago, with large-bodied populations (males, ~ 19 mm in length) 
found on northern islands and small-bodied populations (males, ~ 16.5 mm in length) found on 
southern islands (Pröhl et al. 2007). P. lugubris can have a similar size or be larger than O. 
pumilio (males, up to 21 mm), whereas A. claudiae is smaller (males: 13.4 mm in length; Lötters 
et al. 2007).  
Prior to conducting the experiment, we collected 25 males of O. pumilio from each of 
four islands, totaling 100 individuals. The islands on which we sampled O. pumilio were based 
on the morph present: two islands have more conspicuous, red O. pumilio populations, than the 
other two islands which have less conspicuous, green populations. Red and green color morphs 
were selected because they are predominant in the species (Pröhl and Ostrowski 2011). Each 
island of each color morph had either a large-bodied or a small-bodied population of O. pumilio 
(Table 3.1). We also collected 40 total males of P. lugubris and 40 total males of A. claudiae 
from a combination of these same islands and two additional islands (Table 3.1). Collection of P. 
lugubris and A. claudiae on these additional islands was required because we found no males at 
the time of our experiment on some islands where we collected O. pumilio. Despite this, we 
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consider that our interspecific tests are valid because the three species included in this study co-
occur broadly on several islands of the archipelago and nearby mainland, making these tests 
informative. Only males of P. lugubris and A. claudiae found calling in the field were captured. 
After capture, we measured the body size (estimated as the snout vent length (SVL)) of all frogs 
to the nearest 0.01 mm using a caliper.  
Table 3.1. Islands of the Bocas del Toro Archipelago in which frogs of Oophaga pumilio, 
Phyllobates lugubris and Andinobates claudiae were collected. Dashes represent islands where 
males of a species were not found. The superscript next to a dash indicates that museum 
collections exist for the species. Note that we found males of the three species on only two 
islands. Therefore, we collected P. lugubris and A. claudiae males from two additional islands 
(superscript letter b). The coloration and size category of O. pumilio populations of each island 
surveyed is shown. The mean body size, standard deviation, and sample size of each species 
collected are provided.  
 
Island O. pumilio coloration 
O. pumilio 
Mean body size  
(size category) 
P. lugubris 
Mean body size 
A. claudiae 
Mean body size 
Colon Green 19.67 ± 0.39 
n = 25 
(Large) 
19.05 ± 1.51 
n = 10 
13.30 ± 0.35 
n = 10 
Bastimentos Red 20.00 ± 0.45 
n = 25 
(Large) 
_ a 13.26 ± 0.36 
n = 10	  
Cayo de Agua Green 17.23 ± 0.55 
n = 25 
(Small) 
19.12 ± 1.55 
n =10 
13.25 ± 0.29 
n = 10 
Solarte (South) Red 17.00 ± 0.35 
n = 25 
(Small) 
18.80 ± 1.00 




19.03 ± 1.38 
n = 5 
	  
13.33 ± 0.35 
n = 10 
San Cristobalb Red  18.92 ± 0.45 n = 5 
 
 
a These specimens were located trough VertNet (http://vertnet.org). Biodiversity Institute, 
University of Kansas (KUH 94831 - 94835); National Museum of Natural History, Smithsonian 
Institution, Amphibians & Reptiles (USNM 297854.6151782)  
	   38 
Frogs were allowed to form territories for at least eight days in separate transparent 
terraria (40 x 20 x 10 cm). One week was described as sufficient time for O. pumilio to form 
territorial bounds under laboratory conditions (Forester et al. 1993, Baugh and Forester 1994). 
Terraria were covered with black plastic on one side to keep frogs from seeing each other while 
in captivity. Frogs could hear neighbors calling, although we do not think this affected our 
experiment because O. pumilio does not respond differentially to calls of neighbors and strangers 
(Bee 2003). To each terrarium, we added one bromeliad plant, one piece of wood, and 20 g of 
leaf litter. Similar sized pieces of wood and bromeliads were used. Frogs were fed daily with 
vitamin-dusted ants, fruit flies, and termites, and water was provided ad libitum. Terraria were 
misted daily. Each O. pumilio male was assigned then to either play the role of resident or 
intruder during the experiment, whereas all P. lugubris and A. claudiae were assigned the role of 
intruders.  
3.2.2. Experimental procedure 
To conduct the resident/intruder encounter experiment, we challenged one O. pumilio 
resident from a red and small-bodied population, a red and large-bodied population, a green and 
small-bodied population, or a green and large-bodied population with a) one similarly-sized 
conspecific of the same morph (referred to as the intraspecific treatment), b) one P. lugubris 
(referred to as the interspecific P. lugubris treatment), c) one A. claudiae (referred to as the 
interspecific A. claudiae treatment), and d) one surrogate frog model constructed using non-toxic 
clay of the same color as the resident (surrogate). Intraspecific encounters served as baselines to 
identify aggressive behaviors associated with O. pumilio coloration that also could be observed 
in heterospecific encounters. Therefore, we considered it more relevant to include a conspecific 
same-morph treatment instead of a conspecific different-morph treatment, since our main focus 
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was to examine the association between coloration and heterospecific agonistic interactions. 
Surrogates allowed us to differentiate between aggressive behaviors being directed toward a live 
intruder vs. an inanimate new object placed in a resident’s territory. Even though the surrogate 
treatment does not allow us to identify if residents perceived models as frogs or as inanimate 
objects, they provide an indication of whether residents automatically respond to a novel object 
added to their territories or not. Each O. pumilio resident was paired separately with one 
individual from the above treatments, so that each resident experienced 4 separate trials (Figure 
3.1). Trials were conducted in random order. To do so, first, we randomly selected the island to 
be surveyed in each morning and each afternoon of the experiment. Second, we randomly 
selected the treatment that each resident to be tested that morning or afternoon would receive. 
This allowed us to use each frog in trials only once a day and also test frogs from each island on 
different days, minimizing possible winner-loser effects. Frogs of P. lugubris and A. claudiae 
collected from different islands were randomly paired with O. pumilio residents of each 
morphotype. Fifteen intruders were used twice during the experiment.  
Before starting a trial, we covered two additional sides of the resident terrarium using 
black plastic to avoid disturbing the frogs. We then placed a male frog (intruder) in the tank of 
another male frog (resident). This was done by taking each individual (resident and intruder) out 
of its own terrarium and then simultaneously placing them next to each other at the center of the 
resident`s terrarium and covering them with small individual plastic petri dishes. Removing and 
introducing both frogs in the same way allowed us to control for the effect of handling on the 
experimental outcome (Baugh and Forester 1994). We then covered the top of the terrarium 
using a sheet of transparent acrylic. Frogs were allowed to acclimate under petri dishes for 1 min 
before a trial and were allowed to see each other. Petri dishes were lifted using a string from 
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outside of the terrarium, and frogs were allowed to interact for 15 minutes. Behaviors exhibited 
by both contestants were recorded during the trial and also videotaped with a Sony DCR-HC38 
video camera from above the terrarium. Resident and intruder conspecifics were identified by 
their individual marks registered before starting a trial. We did not record data blind because our 
study involved focal individuals in the terraria. 
 
 
Figure 3.1. Treatments included in the resident-intruder experiment. Oophaga pumilio residents 
from red and green populations were paired with one similarly sized conspecific of the same 
morph (intraspecific treatment), one Phyllobates lugubris (interspecific P. lugubris treatment), 
one Andinobates claudiae (interspecifc A. claudiae treatment), and one surrogate frog 
constructed using non-toxic clay to resemble the same morph (surrogate). Each resident was 
paired separately with one individual from each treatment. Red and green residents from large-
bodied populations are represented. Red and green residents from small-bodied populations were 
subjected to the same treatments (not shown). 
 
We collected data for 10 to 13 trials for each treatment, totaling 196 (44 additional trials 
were discarded because frogs climbed onto the petri dishes and performed none of the behaviors 
we quantified). Trials were conducted between the months of November and December from 
0900 to 1700 hours. The experiment was conducted in a dark room, where three 75 W UV lights 
and one 25 W halogen light, filtered by two green-blue filters (Lee 728 + Cyan-Gel 4315) were 
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used to illuminate the resident`s terrarium, mimicking light conditions on the forest floor (Maan 
and Cummings 2008). Each frog was released at its place of capture after the experiment. 
3.2.3. Measures of male aggression and contest outcome 
The displays of agonistic behaviors by residents and intruders were quantified based on 
observations made during the trial and analysis of video recordings. We quantified 13 agonistic 
behaviors total (Table 3.2). Twelve of these behaviors were previously reported for O. pumilio 
(Baugh and Forester 1994, Hödl and Amézquita 2001). One additional agonistic behavior was 
identified for O. pumilio, whereas six behaviors were identified for P. lugubris and four for A. 
claudiae (Table 3.2).  
We estimated three metrics to assess the level of aggression of resident and intruder 
frogs, and one metric to estimate contest outcome. First, we estimated an aggression score (sensu  
Sacchi et al. 2009), calculated as the number of aggressive behaviors minus the number of 
submissive behaviors displayed by an individual during the contest. Positive values represented 
predominance of aggressive behaviors, and negative values represented predominance of 
submissive behaviors. Second, we estimated an index of aggression (sensu Baugh and Forester 
1994), based on a ranked evaluation of energy expenditure of each agonistic behavior (i.e., 
aggressive and submissive behaviors), previously published for O. pumilio (Baugh and Forester 
1994), and estimated for the other two species based on observations in a pilot experiment (Table 
3.2). This index assigns submissive behaviors negative values to subtract their contributions from 
the overall measure of aggressiveness. Ranked values varied from -1 to 4, with behaviors judged 
to be more energetically expensive receiving a higher value than less costly ones. Values for all 
behaviors exhibited by an individual in a trial were summed in order to obtain the index of 
aggression. Third, we estimated the latency to respond, measured as the time to first aggression  
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Table 3.2. Description of agonistic behaviors displayed by frogs of Oophaga pumilio, 
Phyllobates lugubris and Andinobates claudiae. The description of behaviors follows Baugh and 
Forester (1994) and Hödl and Amézquita (2001). The number of points assigned to each 
behavior is based on a ranked evaluation of energy expenditure through aggression published for 
O. pumilio by Baugh and Forester (1994), and by extensive observations in a pilot experiment. 
Xs represent behaviors observed for each species in this study. Superscripts denote behaviors 
previously reported for Oophaga pumilio  
 
Behavior Description Points O. pumilio P. lugubris A. claudiae 
Calling a Vocalizing 1 X   
Push-ups a Elevating and lowering the 
anterior part of the body by 
extending the forelegs 
1 X   
Body raising b Elevating all the body by 
extending all four legs  
1 X  X 
Limb shaking b Rapidly moving a limb up 
and down 
1 X X  
Tracking a Orienting the body in the 
direction of opponent while 
in a static position or moving 
forward 
1 X X X 
Charge and veer a Running toward opponent 
and moving away without 
contact 
2 X X  
Charge and 
contact a 
Running toward opponent 
and initiating physical 
contact 
3 X   
Grappling a Seizing the opponent’s 
limb(s) 
3 X   
Pinning a Pressing opponent to the 
ground  
3 X   
Chase a One frog pursues an 
encounter while the other 
frog retreats 
4 X X  
Escape a  Escaping in response to 
aggression 
-1 X X X 
Statue a Freezing in one position in 
response to aggression 
-1 X X X 
Body lowering Lowering the body, pressing 
it against the substrate 
-1 X   
	  
a Baugh and Forester (1994)  
 
b Hödl and Amézquita (2001) 
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by an individual. These three metrics represent different aspects of aggressiveness. Estimating 
both aggression score and index of aggression permits differentiation among individuals that a) 
invest little in agonistic encounters (displaying a few aggressive behaviors that demand low 
energetic expenditure), b) invest more (displaying numerous aggressive behaviors that demand 
high energetic expenditure), and c) display either numerous aggressive behaviors that demand 
low energetic expenditure or vice versa. Estimating latency provides information on the 
willingness of an individual to take part in an agonistic encounter. Fourth, we assessed the 
contest outcome by estimating a contest score, caculated as the difference between the 
aggression scores of a resident and an intruder in a trial (Sacchi et al. 2009). Higher, positive 
contest score values represented dominance of the resident, whereas negative values represented 
dominance of the intruder.  
3.2.4. Data analysis 
We conducted separate generalized linear mixed model analyses to assess the influence 
of coloration, body size, and treatment on aggression score, index of aggression, latency, and 
contest score. We included coloration, body size, and treatment as fixed effects and males nested 
within coloration and body size as random effects. We used models with skewed t distribution 
error structure and the identity link (a canonical link for the normal distribution) to accommodate 
positive and negative values in heavier tailed distributions. We ran mixed models, both adjusting 
the degrees of freedom (using the Kenward-Roger method, which inflates the 
variance/covariance matrix of fixed and random effects and then performs a Satterthwaite 
denominator degrees of freedom calculation to produce a more accurate F test for small samples; 
Kenward and Roger 1997), and without the adjustment. Because the outcome did not differ 
between these two methods, we only present results for the latter. We used Tukey’s post hoc 
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tests to determine where differences occurred among groups. We evaluated the magnitude of 
differences between groups based on effect sizes using Cohen’s d and its 95% confidence 
intervals, interpreted as small (d = 0.20), moderate (d = 0.50), and large (d = 0.80) (Cohen 1988).  
We considered body size as a categorical variable as a result of the non-overlapping bimodal 
nature of the data for large- and small-bodied populations of both green and red color morphs 
(Figure S3.1). Encounters in which none of the males responded aggressively were discarded for 
latency analyses (n=35). We did not include values of these encounters as extreme latency, 
because this would necessarily make those males’ estimates false, as it is not possible to predict 
whether they would have responded either soon after or much later after the trials ended. We 
used a crossover effects model to test for treatment carryover effects that could represent the 
influence of prior fighting experience of residents on our experiment (winner-loser effects, Hsu 
et al. 2006). This test assesses whether performance by an individual exposed to a second 
treatment is affected by individual performance in a first treatment. However, no carryover 
effects were found.  
Coloration and body size are not randomly or uniformly distributed in space in islands of 
the Bocas del Toro Archipelago (i.e., each color-size combination occurs on different islands). 
As a result, body size and coloration are not independent variables in our study and including 
both as independent fixed effects in the model could influence our results. Therefore, we ran two 
groups of new analyses, one excluding body size from the model and the other, excluding 
coloration. By independently excluding each variable, we evaluated if our model was affected by 
including both variables as fixed effects in the initial analyses. Results between these two groups 
of analyses and initial analyses did not differ. We present results from analyses that included 
both coloration and body size here, due to the documented influence of both traits in the 
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development and outcome of agonistic interactions. Main results of analyses excluding each 
variable are shown in the Appendix B (Table S3.1; Table S3.2).  
We conducted separate generalized linear mixed model analyses to assess the influence 
of coloration, body size, and treatment on intruder’s aggression score, and index of aggression, 
following the initial analyses procedure. Even though residents and intruders likely influenced 
each other’s behavior in our experiment, analyzing them independently allowed us to test 
whether higher levels of aggressiveness in red residents could result from higher aggression 
being directed toward them. We conducted all analyses using the PROC GLIMMIX procedure 
(an extension of Proc Mixed; SAS Institute 2003).  
3.3. RESULTS 
Aggressive interactions between O. pumilio and a same-morph conspecific occurred in 
98% of trials, in 85% of trials when the species was paired with P. lugubris, and in 64% of trials 
when paired with A. claudiae. Frogs did not respond aggressively to surrogates in any of the 
trials. Agonistic behaviors such as chasing, calling, and tracking were commonly observed in 
both intraspecific and interspecific interactions. 
3.3.1. Resident agonistic behavior 
Coloration interacted with treatment to explain the number of aggressive behaviors 
(aggression score) displayed by O. pumilio residents (color: F1,57 = 13.99, p <0.001; treatment: 
F3,124 =29.09, p <0.001; color*treatment: F3,124 = 6.87, p <0.001). Tukey’s post hoc tests and 
Cohen’s d effect sizes revealed that red residents paired with a same-morph conspecific 
exhibited more aggressive behaviors than green residents under this treatment or when paired  
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with P. lugubris (Table 3.3; Figure 3.2a). The aggression score of O. pumilio was significantly 
larger than zero in these treatments (Tukey’s post hoc test: red intraspecific, p <0.001; green 
intraspecific, p <0.001; red interspecific P. lugubris, p <0.001; green interspecific P. lugubris,  
p <0.01; Figure 3.2a), suggesting that O pumilio residents exhibited more aggressive than 
submissive behaviors when paired with a same-morph conspecific and P. lugubris. In contrast, 
red and green residents did not differ in their aggression scores when paired with A. claudiae or a 
surrogate (Table 3.3; Figure 3.2a). Frogs from red large-bodied and red small-bodied populations 
exhibited similar aggression scores, as did frogs from green large-bodied and green small-bodied 
populations (Table S3.3).  
Table 3.3. p values of Tukey’s post hoc test and Cohen’s d effect sizes for comparisons  of the 
aggression score, index of aggression, and latency of green and red O. pumilio residents 
subjected to four experimental treatments. The 95% confidence intervals for Cohen’s d are 




Red vs. green    
Intraspecific Inter-P. lugubris Inter-A. claudiae Surrogate 
Aggression score     
    Tukey’s test  <0.001 0.04 0.90 1.0 
    Cohen’s d (95% CI) 1.0 (0.41 to 1.60) 0.5 (-0.11 to 1.05) -0.11 (-0.70 to 0.48) – 
Index of aggression     
    Tukey’s test <0.001 0.02 0.94 1.0 
    Cohen’s d (95% CI) 0.9 (0.30 to 1.52) 0.6 (0.04 to 1.20) 0.02 (-0.57 to 0.61) – 
Latency     
    Tukey’s test <0.001 0.02 0.46 1.0 
    Cohen’s d (95% CI) -1.3 (-1.97 to -0.66) -0.7 (-1.43 to -0.05) -0.3 (-1.15 to 0.43) – 
Contest score     
    Tukey’s test <0.001 0.05 0.82 1.0 
    Cohen’s d (95% CI) 0.8 (0.24 to 1.20) 0.6 (0.04 to 1.20) -0.23 (-0.82 to 0.35) – 
 
Coloration and treatment also interacted to explain the costs of aggressive behaviors 
(index of aggression) displayed by O. pumilio residents (color: F1,57 = 14.52, p <0.001; 
treatment: F3,124 = 25.20, p <0.001; color*treatment: F3, 124 = 5.84, p <0.001). Tukey’s post hoc  
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tests and Cohen’s d effect sizes showed that red resident frogs exhibited more energetically 
expensive behaviors than green residents when paired with a same-morph conspecific or with P. 




Figure 3.2. Aggression levels for green (in white) and red (in gray) Oophaga pumilio residents 
paired with a conspecific (intraspecific), Phyllobates lugubris (interspecific P. lugubris), 
Andinobates claudiae (interspecific A. claudiae), and a surrogate (surrogate). Positive values 
represent predominance of aggressive behaviors, and negative values represent predominance of 
submissive behaviors. Three aggression metrics are shown: a) aggression score, estimated as the 
number of aggressive minus submissive behaviors; b) index of aggression, estimated as the sum 
of ranked values of energy expenditure of aggressive minus submissive behaviors; and c) 
latency, representing time to first aggression. Boxes span the first and third quartiles of the data, 
horizontal lines represent the medians, and diamond symbols represent the means. Whiskers span 
the 95% central ranges of the data. Black circles represent data outside of these ranges. 
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displayed between red and green residents when paired with A. claudiae or a surrogate (Table 
3.3; Figure 3.2b). Frogs from red large-bodied and red small-bodied populations exhibited 
similar indices of aggression, as did frogs from green large-bodied and green small-bodied 
populations (Table S3.3).  
In addition, coloration interacted with treatment to explain latency (color: F1,56 = 11.32, p 
= 0.001; treatment: F3,90 = 28.36, p<0.001; color*treatment: F3,90 = 3.13, p = 0.03). Tukey’s post 
hoc tests and Cohen’s d effect sizes revealed that red resident O. pumilio responded more quickly 
to same-morph conspecifics and to P. lugubris than green residents (Table 3.3; Figure 3.2c). 
However, latency did not differ between red and green residents when paired with A. claudiae, or 
with a surrogate (Table 3.3; Figure 3.2c). Frogs from red large-bodied and red small-bodied 
populations exhibited similar latency, as did frogs from green large-bodied and green small-
bodied populations (Table S3.3).  
When we assessed the effect of resident body size on their aggressive behavior, we found 
that body size did not influence the aggression score (size: F1,57 = 0.16, p = 0.69; size*color: F1, 
57  = 0.21, p = 0.65; size*treatment: F3,124 = 2.10, p = 0.10; Figure S3.2a), the index of aggression 
(size: F1,57 = 0.23, p = 0.63; size*color: F1,57 = 0.07, p = 0.78; size*treatment: F3,124 = 0.92, p = 
0.43; Figure S2b), nor the latency (size: F1,56 = 1.18, p = 0.28; size*color: F1,56 = 0.15, p = 0.70; 
size*treatment: F3,90 = 2.44, p = 0.07; Figure S3.2c). 
We also evaluated if aggressiveness of O. pumilio residents differed when they were 
exposed to same-island and different-island heterospecifics. The aggression scores and indices of 
aggression of residents did not differ between these two groups, although non-significant 
moderate to large size effect values were found in some cases (Table S3.4). The latency between 
both groups did not differ (Table S3.4). 
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3.3.2. Contest Outcome 
Contest score was explained by the interaction between coloration and treatment (color: 
F1,57 = 12.69, p <0.001; treatment: F3,125 = 3.87, p = 0.01, color*treatment: F3,125 = 6.60, p 
<0.001). Tukey’s post hoc tests and Cohen’s d effect sizes showed that red resident frogs 
exhibited higher contest scores when paired with a same-morph conspecific and marginally 
higher when paired with P. lugubris than green residents (Table 3.3; Figure 3.3). Contest score 
of red residents of O. pumilio was significantly higher than zero when frogs were paired with 
same-morph conspecific intruders (Tukey’s post hoc test, p <0.001) and with intruders of P. 
lugubris (Tukey’s post hoc test, p <0.001), suggesting that red residents dominated most of the 
interactions in these two treatments. This was not the case for green residents, whose mean 
contest score did not significantly differ from zero in either of these two treatments (Tukey’s 
post hoc test: intraspecific, p = 0.33; interspecific P. lugubris, p = 0.24; Figure 3.3). This 
suggests that green O. pumilio did not dominate most interactions with conspecifics of the same 
morph or heterospecific intruders, despite their role as resident. Red and green residents did not 
differ in their contest scores when paired with the heterospecific A. claudiae, or a surrogate 
(Table 3.3; Figure 3.3).  
When the effect of resident body size on contest outcome was assessed, we found that 
body size did not influence contest score (size: F1,57 = 0.14, p = 0.70; size*color: F1,57 = 0.23, p = 
0.63; size*treatment: F3,125 = 0.23, p = 0.88; Figure S3.2d).  
3.3.3. Intruder agonistic behavior 
Same-morph conspecific intruders and heterospecifics responded similarly toward 
resident frogs of O. pumilio from red and green populations (Figure S3.3). Resident coloration 
did not influence the intruder’s aggression score (color: F1,55 = 3.30, p = 0.07; color*size: F1,55 = 
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0.44, p = 0.51; color*treatment: F2,66 = 2.47, p = 0.09) or intruder’s index of aggression (color: 
F1,55 = 2.07, p = 0.16; color*size: F1,55 = 0.42, p = 0.52; color*treatment: F2,66 = 1.80, p = 0.17). 
Similarly, resident body size did not influence intruder’s aggression score (size: F1,55 = 0.00, p = 
0.97; size*color: F1,55= 0.44, p = 0.51; size*treatment: F2,66 = 0.14, p = 0.87) or index of 
aggression (size: F1,55 = 0.02, p = 0.89; size*color: F1,55 = 0.42, p = 0.52; size*treatment: F2,66 = 
0.08, p = 0.92).  
 
 
Figure 3.3. Contest scores as measures of contest outcome for green (in white) and red (in gray) 
O. pumilio residents paired with a conspecific (intraspecific), Phyllobates lugubris (interspecific 
P. lugubris), Andinobates claudiae (Interspecific A. claudiae), and a surrogate (surrogate). 
Increasingly, positive values denote dominance of the resident, and negative values represent 
dominance of the intruder. Boxes span the first and third quartiles of the data, horizontal lines 
represent the medians, and diamond symbols represent the means. Whiskers span the 95% 
central ranges of the data. Black circles represent data outside of these ranges. Significantly 
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3.4. DISCUSSION 
Our resident/intruder experiment suggests that coloration in Oophaga pumilio is a good 
indicator of agonistic tendencies, since coloration associates with aggressiveness and the relative 
outcomes of agonistic intraspecific and interspecific interactions. More conspicuous red and less 
conspicuous green O. pumilio residents differed in their aggressive behavior regardless of 
whether they belonged to large-bodied or small-bodied populations. Residents from red 
populations responded quickly and exhibited a large number of aggressive behaviors against 
conspecifics of the same morph and the heterospecific P. lugubris. In contrast, residents from 
green populations did not respond as quickly and exhibited fewer aggressive acts under these 
treatments. Also, residents from red populations exhibited aggressive behaviors that were 
energetically expensive compared to those exhibited by residents from green populations, 
indicating that red frogs were likely to spend more energy than green frogs when escalating to 
agonistic encounters against same-morph conspecifics and P. lugubris. Moderate to large effect 
sizes (Cohen’s d ≥ 0.5) for all aggression metrics indicated a strong trend for red residents, in 
contrast to green residents, to be highly aggressive against same-morph conspecifics and P. 
lugubris. 
Our results are generally consistent with Rudh et al. (2013) who tested the aggressive 
responses of O. pumilio in the field using mirror-image stimulation. They observed that 
aggression toward population-specific conspecifics tended to be higher in populations with more 
conspicuous individuals, suggesting that the reduced cost of predation pressure in aposematic 
frogs frees them to exhibit more behaviors that affect detection, like explorative and aggressive 
behaviors. However, unlike Rudh et al. (2013) who measured the frequency of residents 
behaving aggressively, we used direct measures to quantify specific behaviors of residents and 
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conspecifics of the same morph or heterospecific intruder frogs. This approach allowed us to 
estimate variation among individuals while including the responses of intruders, which, in 
nature, can modulate resident behaviors and the outcomes of interactions (Peiman and Robinson 
2010). Rudh et al. (2013) found aggressiveness in green individuals from the large-bodied 
population (Isla Colon) to be intermediate between more conspicuous and less conspicuous 
populations. In contrast, we found this population to exhibit similar levels of aggression to the 
other green population (Cayo de Agua). It is not known if the difference observed was driven by 
the methods used in the two studies, or by the frogs tested. However, although frogs from Isla 
Colon are more conspicuous than frogs from other green populations and less conspicuous than 
red populations (Rudh et al. 2013), they likely exhibit aggressive behaviors that are as cryptic as 
those of very cryptic populations (this study) or intermediate between those of conspicuous 
populations and very cryptic populations (Rudh et al. 2013). Populations of intermediate color in 
another frog (Oophaga granulifera) were shown to attain intermediate conspicuousness resulting 
from a combination of aposematic and cryptic behavioral traits (Willink et al. 2013).  
Recent studies revealed conspicuous signals as good predictors of behavior in male-male 
interactions of an orange population of O. pumilio. Dorsal brightness influenced aggressive 
behaviors, with brighter males approaching and calling to stimulus frogs faster than duller males 
(Crothers et al. 2011), and being more willing to initiate aggressive interactions with 
conspecifics by calling more quickly than their duller counterparts (Crothers and Cummings 
2015). Brightness and hue are interdependent traits of a visual signal (Maan and Cummings 
2009), and O. pumilio from red populations included in our study exhibited brighter dorsal 
coloration than frogs from green populations (Maan and Cummings 2012). Therefore, our 
findings on high levels of aggressiveness exhibited by red frogs against conspecifics of the same 
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morph and heterospecifics support and expand on previous studies, indicating that greater male 
dorsal conspicuousness (represented by hue) serves as an indicator trait in both intraspecific and 
interspecific behavioral encounters. We found that conspecifics of the same morph and 
heterospecific intruders did not respond more aggressively toward red frogs, suggesting that 
intruder’s behavior did not drive the differences observed in the aggressive level exhibited by O. 
pumilio from red and green populations. Behavioral traits that increase detection such as 
aggressiveness are likely being favored in frogs from more conspicuous populations (e.g., red 
and orange), which are generally considered to be more toxic than frogs from green populations 
based on injection assays in mice (Maan and Cummings 2012; but see Daly and Myers 1967). In 
addition, frogs from more conspicuous populations are visually more conspicuous to predators 
and other frogs (Maan and Cummings 2012), yet likely suffer lower predation rates than frogs 
from less conspicuous populations (Hegna et al. 2012; but see Dreher et al. 2015).  
 Variation in the level of aggressiveness in O. pumilio residents of green and red 
populations leads to differences in dominance that likely influence their ability to secure or hold 
territories when encountering population-specific conspecifics or heterospecifics. Moderate to 
large effect sizes for contest score (Cohen’s d ≥ 0.6) indicated a strong trend for red residents to 
dominate encounters with same-morph conspecifics and P. lugubris, unlike green residents. Red 
frogs exhibited higher aggressive levels than same-morph conspecific and P. lugubris intruders, 
with red residents dominating 83% of population-specific encounters and 80% of the encounters 
with P. lugubris. Green resident frogs dominated only 54% of population-specific encounters 
and 39% of P. lugubris encounters, despite their status as residents. In a previous experiment 
with red O. pumilio from a red population in Costa Rica, residents consistently dominated 
intruders, indicating that dominance was strongly reinforced by prior residency (Baugh and 
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Forester 1994). Our results suggest that this might be the case for frogs from red populations in 
the Bocas del Toro Archipelago, but not for frogs from green populations, which are less 
aggressive and therefore less able to dominate interactions with same-population frogs or P. 
lugubris. Aggressive males of O. pumilio defend territories with high densities of females, and 
these territories enhance male mating success (Pröhl and Berke 2001). The lower dominance in 
interactions by frogs from green populations could denote a lesser ability to hold high-quality 
territories in contrast to frogs from red populations and a limitation to establish new territories. 
Crothers and Cummings (2015) suggested that brighter (i.e., more conspicuous) males in one 
orange population of O. pumilio may be greater territorial threats than duller males during 
conspecific encounters. Our findings expand on this idea, suggesting that red population males 
(i.e., more conspicuous) may be better at securing and defending territories than green population 
males (i.e., less conspicuous) against conspecifics of the same morph, and heterospecifics that 
may pose any threat. The effect that different levels of dominance by different morphs of O. 
pumilio in population-specific and heterospecific encounters have on the ability to hold and 
establish new territories deserves to be further studied. Also, studies addressing how relatively 
consistent outcomes of behavioral interactions – such as one morph dominating territorial 
interactions– translate into competitive and other types of ecological interactions in the field are 
relevant to improve our understanding of the ecological implications of intraspecific coloration 
variation.  
Differences among morphs in the ability to hold a territory and differently discriminate 
among conspecific and heterospecific intruders are particularly interesting, because those 
differences may ultimately have community-level consequences for the relative abundances and 
distributions of other species with which O. pumilio interacts. For example, if the asymmetric 
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aggressiveness between different morph populations of O. pumilio against heterospecifics is 
widespread, individuals of the dominant red morph may exclude more submissive taxa from 
optimal territories or resources on islands where the red morph is exclusively found. Tolerance 
toward heterospecifics by the less aggressive green morph, however, may allow for co-
occurrence of more species or higher relative abundances on islands where this morph 
exclusively occurs. 
A territory holder is expected to aggressively exclude a heterospecific intruder when the 
intruder species can be excluded at a low cost, in a short time, and when it causes the territory 
holder to lose fitness due to high niche overlap (Mikami and Kawata 2004). The strong 
aggressiveness and dominance of red O. pumilio toward P. lugubris could be the result of the 
low cost and short time that more conspicuous frogs spend excluding this heterospecific due to 
their enhanced protection from predators, which allows them to defend their territories more 
aggressively. However, there may also be a higher cost of P. lugubris intrusion for frogs from 
red populations. If red frogs invest more in defense mechanisms such as coloration and toxins 
than green frogs, for example in terms of finding suitable food (Pröhl and Ostrowski 2011), red 
frogs may have a higher motivation to escalate in heterospecific encounters with P. lugubris 
which could compete for food sources with O. pumilio (Baugh and Forester 1994). Furthermore, 
O. pumilio also defends calling territories that are used for courtship and oviposition (Pröhl 
1997). Because calls in both species have similar main frequencies, P. lugubris can mask the 
calls of O. pumilio, causing a lowering of the dominant frequency in the latter (Wong et al. 
2009). Red O. pumilio spend more time closer to the forest floor than green frogs (Pröhl and 
Ostrowski 2011). If this differential use of habitat leads to differential costs of acoustic 
interference by P. lugubris (e.g., higher costs for red frogs, which spend most of their time on the 
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forest floor such as P. lugubris; Savage 2002), red frogs may be more motivated to escalate 
heterospecific encounters with P. lugubris. Therefore, a combination of the cost, time, and 
fitness enhancement of intruder exclusion could explain the observed behavior of O. pumilio 
toward P. lugubris. Conversely, the mild aggression we observed toward A. claudiae could be 
explained if this species does not pose a strong threat to O. pumilio, despite resource overlap 
(both species deposit their larvae in water-filled leave axils; Lötters et al. 2007), or if by being 
smaller in size, A. claudiae does not pose a strong threat owing to low food-resource overlap. 
Territorial organisms are able to adjust their aggressive responses based on the level of threats 
that other individuals pose to them (Lehtonen et al. 2010). The different responses of O. pumilio 
toward both heterospecifics in this study suggest that red and green phenotypes may adjust their 
aggressive responses according to the costs and threats that other species pose. However, studies 
on the adaptive nature of conspecific and heterospecific aggression are required to better 
understand the variation in the strength of aggression of different color morphs. Similarly, 
understanding the underlying mechanisms for differences in the aggression level exhibited by 
green and red morphs of O. pumilio is relevant. For example, testosterone is a recognized 
modulator of aggressive behavior and territoriality in birds and lizards (e.g. Sinervo et al. 2000, 
Pryke et al. 2007) but its effects on amphibian aggression deserves further study (Wilczynski et 
al. 2005). Also, differences in the social environment, such as in population or morph density, 
have been shown to associate with contrasting behavioral strategies in polymorphic birds (Pryke 
et al. 2007) and could be contributing to the patterns here observed. 
Similar to coloration, body size is expected to be an important predictor for 
aggressiveness and dominance (Hsu et al. 2006). However, in our study, resident body size was 
unrelated to both conspecific and heterospecific aggressiveness. This suggests that, in O. 
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pumilio, resident coloration associates with the outcome of a contest, regardless of whether the 
male belongs to a large or small-bodied population. This result is consistent with previous 
studies on a polymorphic lizard and O. pumilio, in which one morph dominates agonistic 
interactions independent of focal body size (Hover 1985, Crothers and Cummings 2015).  
We showed that coloration in O. pumilio is a good indicator of aggressiveness, which 
associates with the outcome of same-morph intraspecific and some interspecific behavioral 
interactions, providing support for a positive relationship between the strength of anti-predator 
coloration, agonistic behavior, and dominance in interspecific, intraguild interactions. Even so, 
there are a few caveats to our conclusions.  First, we challenged O. pumilio residents with 
heterospecifics from different islands, because all species did not co-occurr on all islands where 
O. pumilio residents were collected. Unfamiliarity of residents with some of the intruders could 
have influenced our results. We did not find significant differences in the response of residents to 
heterospecifics from the same island or from another island. However, non-significant moderate 
to large effect sizes indicate that significant effects could be detected if sample sizes were to be 
increased. Second, we did not assess the possible effects that differences in habitat preferences 
by red and green O. pumilio may have on their level of aggressiveness. For example, differences 
in the amount of time that frogs of different morphs spend on the forest floor (Pröhl and 
Ostrowski 2011), or at different perch heights (Dugas et al. 2015), could increase the rate at 
which they encounter other frogs or their propensity to escalate to agonistic interactions. Third, 
our results are based on the study of two red and two green populations. Because behavioral 
traits are more prone to evolutionary changes than morphological traits (Blomberg et al. 2003), it 
would be interesting to assess this association in other populations of the species, including 
polymorphic populations. Particularly, studies including encounters between cryptic and 
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conspicuous morphs would improve our understanding of the association between coloration and 
conspecific aggressiveness and the evolution of divergent coloration.  
Red and orange colorations associate with aggressiveness and dominance in conspecific 
agonistic encounters in several taxa (Evans and Norris 1996, Sinervo et al. 2000, Pryke and 
Griffith 2006, Healey et al. 2007). Our study shows that this association also functions in the 
context of interspecific interactions, suggesting that conspicuous traits that likely have been 
shaped by natural selection can not only function as honest intraspecific sexual communication 
signals (Crothers and Cummings 2015) but also as honest interspecific communication signals. 
In an example similar to ours, Dijkstra et al. (2005) found red male Pundamilia fishes to 
dominate blue males of their same species and other congeners in dyadic combats. Dominance of 
red males corresponded with the geographic distribution of both morphs (red and blue morphs 
co-occurred in some populations, and blue populations were also common), suggesting that the 
dominance advantage of red morphs facilitated the invasion of blue populations (Dijkstra and 
Groothuis 2011). More empirical investigations are needed in multiple taxa to better understand 
whether the increased aggression of red individuals toward heterospecifics is widespread, the 
role that this relationship plays in interspecific conflict resolution, and the possible evolutionary 
and ecological consequences of this behavior-coloration association.   
Understanding the asymmetric dominance of morphs, as in our study (i.e., when one 
color morph dominates encounters with conspecifics and heterospecifics), can improve our grasp 
of both the evolutionary (e.g., diversification) and ecological (e.g., species co-occurrence) 
consequences of the association between coloration and agonistic behavior. In the case of 
evolutionary consequences, sexual selection can influence the direction of aposematic trait 
evolution, because signals shaped by natural selection also function in mate selection (Crothers 
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and Cummings 2015). However, heterospecific aggression also has been shown to be adaptive 
and influence signal evolution (Adams 2004, Peiman and Robinson 2007, Laiolo 2012). Just as 
individual traits should be examined as components of integrated phenotypes, individual 
selective influence (e.g., mate choice, heterospecific interactions) integrates to form an 
organism’s overall selective environment. If aposematism confers additional benefits to 
protection from predators, such as access to more resources as a result of dominant advantage not 
only over conspecifics but also over competing heterospecifics, these benefits could likely 
influence character diversification (Speed et al. 2010). In the case of ecological consequences, 
negative interactions such as heterospecific aggression, can affect resource and habitat use and 
may therefore influence community structure (reviewed by Peiman and Robinson 2010). If 
aggression levels associate with presumed signaling traits such as coloration, the latter can 
influence the abundance and distribution of individuals and species at the community scale. For 
example, coexistence of species was shown to be facilitated by color differences associated with 
aggressiveness in cichlid fishes in Lake Victoria, where negatively-frequency dependent 
selection on color among closely related species affected species distributions (Seehausen and 
Schluter 2004). Ongoing research comparing the results of this study with the abundances and 
distributions of species will further reveal the interplay among intraspecific coloration and 
behavioral variation, species interactions, and community structure. This approach would add to 
our understanding of the potential for intraspecific traits shaped by natural and sexual selection 
to impact species interactions and ultimately influence ecological patterns and processes at the 
community level.    
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CHAPTER 4. ASSEMBLY PATTERNS OF LEAF-LITTER ANURANS ON 
NEOTROPICAL LAND-BRIDGE ISLANDS: SPECIES CO-OCCURRENCE AND THE 
ROLE OF MORPHOLOGICAL TRAITS 
 
4.1. INTRODUCTION 
The relative contributions of deterministic and stochastic processes on the assembly of 
biological communities have intrigued ecologists for decades. For example, understanding why 
some species always co-occur, whereas others are never found together, has been the focus of 
studies on multiple taxa (e.g., birds: Diamond 1975, fishes: Peres-Neto 2004, insects: Sanders et 
al. 2007, mammals: Meyer and Kalko 2008, plants: Gotzenberger et al. 2012). These studies on 
co-occurrence have helped to identify some of the main underlying mechanisms that explain the 
assembly of communities.  
In general, two main types of models have been proposed as potential explanations for 
community assembly (Tilman 2004). Niche-assembly models consider communities as 
deterministic assemblages that are driven by species interactions or by local environmental 
conditions (Chase and Leibold 2003). Dispersal- or neutral-assembly models consider 
communities to be stochastic assemblages that are primarily influenced by random processes 
such as dispersal events and ecological drift (Hubbell 2001, Ulrich 2004). However, these two 
sets of models are only the extremes of a dynamic continuum along which biotic communities 
may fall (Gravel et al. 2006). Therefore both deterministic and random processes may 
simultaneously contribute to community assembly and species co-occurrence (e.g. Ellwood et al. 
2009, Myers and Harms 2011, Stegen et al. 2013). The relevance of mechanisms that influence 
species co-occurrence may depend on the scale at which communities are analyzed (Jenkins 
2006, Sanders et al. 2007, Canavero et al. 2014). For example, environmental filtering has been  
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shown to primarily govern the assembly of communities at large scales, whereas species 
interactions and fine-scale resource partitioning largely influence communities at smaller scales 
(Webb et al. 2002). 
 Species patterns traditionally have been used to identify the underlying mechanisms that 
structure community assembly. Finding non-random patterns of species co-occurrence 
(segregated or aggregated) generally indicates the influence of deterministic processes associated 
with species interactions, and also with species’ preferences for different habitats (Gotelli 2000, 
Peres-Neto 2004). Even so, random processes (Ulrich 2004), allopatric speciation and other 
biogeographic and evolutionary events (Vuilleumier and Simberloff 1980, Ricklefs 2004) may 
also generate these patterns. Finding random patterns of species co-occurrence, on the other 
hand, renders deterministic processes much less likely. For example, Gotelli and McCabe (2002) 
assessed the co-occurrence patterns of multiple taxa in a meta-analysis based on 96 published 
presence-absence matrices. Their findings revealed non-random structure in most communities, 
particularly those composed of vascular plants and endotherms. However, there was no evidence 
for non-random structure for most ectotherms (amphibians, reptiles, fishes, and invertebrates 
with the exception of ants), suggesting that deterministic processes may not play an important 
role in structuring these communities.  
 Trait approaches have also been used more recently to assess the role that both 
deterministic and stochastic processes play in the assembly of communities. Species traits may 
be more or equally relevant than species identity patterns for community assembly (Canavero et 
al. 2014). Body size, for example, could be more important than species identity for co-
occurrence due to its well-documented effects on the outcomes of interference (reviewed in Hsu 
et al. 2006) and predatory interactions (Brose et al. 2006). Other traits like coloration, when 
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associated with the outcome of interference interactions (e.g., via correlation with aggressive and 
territorial behavior), or predatory interactions (e.g., via aposematism or crypsis), also may be 
important for community assembly. For example, red Pundamilia male fishes were socially 
dominant over conspecific blue males and other blue congeners in experimental trials (Dijkstra 
and Groothuis 2011). This dominance by red males corresponded with the geographic 
distributions of both morphs independent of the species. Specifically, red morphs always co-
occurred with blue morphs, although blue populations were also common, suggesting that 
behavioral associations with color morph influenced the assembly of the fish assemblages.  
 Behavioral and natural history trait approaches have the potential to provide novel 
insights into our understanding of the mechanisms influencing the assembly of communities. 
Taking these approaches may be particularly relevant if focal traits associate with the outcome of 
species interactions or dispersal potential, which can affect species distributions and abundances 
(e.g., Duckworth and Badyaev 2007). Despite the importance of non-taxonomic traits for 
community structure, the study of co-occurrence patterns in animal communities has been 
limited, taking mostly a taxonomic perspective (Canavero et al. 2014), while rarely considering 
intraspecific differences in traits other than body size. Intraspecific trait variation, in particular, 
was previously identified as a condition for local co-occurrence (Violle et al. 2012), and several 
recent studies have begun to demonstrate the important role that intraspecific phenotypic 
variation plays at maintaining species co-occurrence and community dynamics (Jung et al. 2010, 
Bolnick et al. 2011, Violle et al. 2012). In this study, I examined co-occurrence patterns in the 
assembly of leaf-litter anurans in a tropical archipelago by combining species and trait-based 
approaches that included body size and coloration variation in a common polymorphic species. 
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 Multiple studies have assessed the assembly of anuran communities, particularly in 
aquatic ecosystems (Van Buskirk and Schmidt 2000, Parris 2004, Richter-Boix et al. 2007, Both 
et al. 2011, Vasconcelos et al. 2011, Melo et al. 2014). Recent studies suggest that both niche-
based processes and stochastic processes may structure aquatic anuran assemblages. For 
example, non-random co-occurrence patterns were found when guilds and seasons (Both et al. 
2011), life stages (Moreira and Maltchik 2012), or entire assemblages (Melo et al. 2014) were 
taken into account. These findings challenged the idea of amphibian (and ectotherm communities 
in general) being characterized by random co-occurrences, as previously suggested (Gotelli and 
McCabe 2002). However, random patterns do occur in some assemblages and in some guilds or 
life stages in particular seasons (Both et al. 2011, Moreira and Maltchik 2012). Fewer studies 
have assessed the community assembly of terrestrial anurans (Ernst and Rödel 2006, Bastazini et 
al. 2007, Menin et al. 2007), and particularly little is known about anuran assemblages (both 
aquatic and terrestrial) from islands in land bridge and oceanic archipelagos (Cook and Quinn 
1995, Yiming et al. 1998). This is despite the fact that islands have been central to understand 
patterns and processes of species distributions in multiple taxa (e.g., Badano et al. 2005, Burns 
2007, Meyer and Kalko 2008).  
I examined patterns of spatial co-occurrence in communities of leaf-litter anurans at local 
and regional scales on tropical land-bridge islands of the Bocas del Toro Archipelago. Islands in 
this archipelago formed during the Holocene as a result of sea level rise and the subsequent 
isolation of continental hills and ridges (Anderson and Handley 2001). Despite the recent 
formation of islands in the archipelago (1000 – 10,000 years; Anderson and Handley 2001), 
extreme among-island coloration (Daly and Myers 1967, Summers et al. 2003) and size variation 
(Pröhl et al. 2007; Chapter 2 of this dissertation) occur in at least one species of leaf-litter frog, 
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Oophaga pumilio. O. pumilio from different islands exhibit either highly conspicuous, 
presumably aposematic colors such as red, orange, and/or yellow, or less conspicuous, 
presumably cryptic colors such as green (Wang and Shaffer 2008, Maan and Cummings 2012). 
Highly conspicuous morphs of O. pumilio exhibit more intense territorial aggression and 
dominance both in conspecific (Rudh et al. 2013, Crothers and Cummings 2015) and some 
heterospecific encounters (Galeano and Harms 2016) than less conspicuous morphs. 
Heterospecific aggression has the potential to influence the abundance and distribution of species 
if more aggressive species (or morphs in this case) secure better territories while excluding less 
aggressive species (Robinson and Terborgh 1995, Duckworth and Badyaev 2007). Therefore, the 
presence or absence of highly territorial aggressive morphs has the potential to shape patterns of 
species co-occurrence. 
 In this study, I was interested in understanding what ecological mechanisms underlie the 
community structure of leaf-litter anurans in the Bocas del Toro Archipelago, and how 
differences in coloration, associated with aggressive behavior in O. pumilio, influence the 
assemblage structure of these communities. I asked three main questions: 1) Does community 
assembly of leaf-litter anurans differ from random assembly? 2) Do traits shared among species, 
such as body size, have inhibitory effects on species co-occurrence? 3) Do intraspecific traits – 
such as coloration – associated with aggressiveness in a territorial and common species, 
influence species co-occurrence patterns? I predicted that if deterministic processes based on 
species interactions explained the assembly of leaf-litter anuran communities: 1) Co-occurrence 
patterns would differ from randomly generated communities constructed from the regional pool 
in a manner not explained by species’ preferences for different habitats; 2) Species body sizes 
would show little overlap within communities, exhibiting large critical minimum size ratios 
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between adjacent pairs of species and small variances in body size ratios between consecutively 
ordered species (a pattern that suggests structure caused by deterministic exclusionary processes 
like competition); and 3) Non-random co-occurrence would be observed for matrices in which 
highly conspicuous morphs of O. pumilio (i.e., morphs associated with high aggressiveness and 
behavioral or competitive dominance) occur. I conducted analyses of species’ presence-absence 
at two spatial scales: 1) islands; and 2) sample units within islands (or within mainland sites). 
4.2. METHODS 
4.2.1. Study area 
I surveyed leaf-litter anurans from forests on six islands of the Bocas del Toro 
Archipelago and two adjacent mainland sites, located along the Caribbean coast of northwestern 
Panama (Figure 4.1). Habitat in the archipelago is mostly tropical evergreen rain forest (Soto et 
al. 1998). The area is characterized by the presence of old secondary forests with high (20 to 40 
m above the forest floor) and dense canopies with relatively open understory, some old primary 
forests, a few swampy forests, and abandoned cacao plantations predominantly on the mainland 
(Summers et al. 2003, Spalding 2013). Elevations of forests on the islands range between 0 and 
72 masl, and from 14 to 200 masl on the mainland sites. Islands in the archipelago differ in area, 
isolation, and age (Table 4.1). 
4.2.2. Anuran surveys  
To conduct anuran surveys, I selected forests on islands of the Bocas del Toro 
Archipelago and adjacent mainland sites during a preliminary visit to the archipelago in 2011 
(Table 4.1). Forests were selected based on the criteria that they: 1) were late secondary or 
mature, not showing signs of recent disturbance; 2) were large in size, with areas equal to or 
larger than 60 ha; and 3) included lower and higher elevations representative of the topography 
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of the area. I selected 12 forests located in the northern and southern tips of each one of the six 
islands (2 forests per island). Finding forests that met all criteria on the mainland was not 
possible due to the dominance of cacao plantations. However, two forests located on the 
mainland areas adjacent to the archipelago met the first and third criteria and therefore were 
selected for surveys, although they did not meet the second criterion (both were smaller than 60 
ha). Forests from two additional large islands present in the archipelago were not included in this 
study because they did not fit any of the described criteria (e.g., absence of mature forest on Isla 
Pastores), or because logistic constraints kept me from surveying them (e.g., Escudo de 
Veraguas, located well east of the main island chain; Wang and Shaffer 2008).  
 
 
Figure 4.1. Islands and mainland sites studied in the Bocas del Toro Archipelago, Panama. 
Labels reference the name of the site: A = Cayo de Agua; B= Isla Bastimentos; C = Isla Colon; P 
= Isla Popa; PS = Punta San-San; S = Isla Solarte; and RA = Rana Azul. The red area in the map 
represents the distribution of O. pumilio. The characteristic morphs of O. pumilio for each island 
and mainland site are shown: red and orange are bright, highly conspicuous morphs; green and 
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Table 4.1. List of sites and forests surveyed for leaf-litter anurans in the Bocas del Toro Archipelago and adjacent mainland sites. For 
each island, the area, distance to the mainland, and age are provided. The location (northern or southern tip on each island), 
geographic coordinates, and minimum and maximum elevation of each forest sampled are shown. For each site the representative 
color morph of Oophaga pumilio is provided; red and orange are bright, highly conspicuous morphs; green is a dull, less conspicuous 
morph (Wang and Shaffer 2008). The number of leaf-litter species used in the co-occurrence analyses is given. The number of 
individuals found in each site is also provided. Notice that sampling effort on mainland sites was smaller than sample effort on each 
island (see text). 
 
 
a Areas and distances estimated using Google Earth Pro (https://www.google.com/earth/)  
 
b Anderson and Handley (2002)
Site Area  




















Cayo de Agua 
 
14.33 12.27 3400 North 9° 9’27.06”N; 82° 2’48.77”W 17 – 36  Green 9 154 
South 9° 8’17.51”N; 82° 1’49.67”W 9 – 36 
Isla Bastimentos 55.97 15.35 4700 North 9°20’37.47”N; 82°11’39.78”W 15 – 65 Red  8 210 
South 9°18’44.08”N; 82° 6’26.76”W 21 – 60 
Isla Colon 62.78 1.49 5200  North 9°25’25.03”N; 82°16’12.82”W 19 – 67 Green 7 232 
South 9°22’50.17”; N82°15’5.77”W 18 – 50 
Isla Popa 52.23 1.95 1000  North 9°12’49.90”; 82°6’54.32”W 30 – 69 Green 10 305 
South 9°9’12.18”; 82° 7’32.23”W 28 – 72 
Isla San 
Cristobal 
35.68 0.56 1000  North 9°16’16.99”N; 82°15’28.06”W 14 – 30 Red 5 272 
South 9°14’50.81”N; 82°15’20.83”W 16 – 58 
Isla Solarte 7.53 14.31 1000 North 9°19’35.66”N; 82°12’31.58”W 16 – 37 Red/Orange 6 206 
South 9°18’41.46”N; 82°10’31.17”W 1 – 24 
Mainland 
Punta San San – – – – 9°25’43.78”N; 82°20’41.37”W 14 – 36 – 2 16 
Rana Azul – – – – 9°10’30.31”N; 82°16’11.60”W 16 – 200 – 8 244 
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I conducted anuran surveys between October and December of 2012. Before starting a 
survey, I randomly assigned the order of visits to each forest. At each forest, I conducted 10 
rectangular visual encounter transects of 100 x 2 m (Heyer 1994, Lips et al. 2001) for a total of 
20 transects per island. Mainland forests were surveyed using only 5-10 rectangular transects due 
to their smaller area (see above). Transects were daily selected at random starting from different 
entrance points to each forest, following altitudinal contour lines, and were separated by a 
distance of 200 m from neighboring transects to increase independence (Ernst and Rödel 2006). 
Entrance points were selected prior to the surveys, with the goal to access the forest from 
different cardinal directions, and survey the approximate minimum, median, and maximum 
points of elevation of each site. During the surveys, two people walked each transect at a 
constant speed while turning over leaf litter, logs, and rocks, and scanning all vegetation below 2 
m. Only diurnal transects (7:30 am - 6:30 pm) were conducted. Observers were the same in each 
forest, avoiding inter-observer detection biases. Anurans were captured by hand when first 
observed and placed in plastic bags filled with leaf litter until each transect was completed. At 
the end of each transect, I identified the species and sex of anurans that exhibited sexual 
dimorphism. I also measured three consecutive times the body size (estimated as the snout vent 
length or SVL, then averaged) of all anurans captured to the nearest 0.01 mm using a caliper. 
Anurans were toe-clipped and then released in their site of capture.   
4.2.3. Habitat parameters 
I estimated the habitat available at each transect by measuring 10 variables selected based 
on their documented influence on anuran and lizard physiology, occurrence, and behavior (Table 
S4.1; Crump and Scott 1994). I established a single 1-m2 plot at the beginning and end of each 
transect traced for anuran surveys and measured the air temperature (± 1.0 ºC) and relative 
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humidity (± 1%) with a digital thermohygrometer placed at approximately 15 (± 5 cm) cm above 
the soil surface in the center of each plot. I estimated the percentage of canopy cover from the 
center of the plot using a 10-cm2 grid, and the percentage of herbaceous cover by visually 
comparing the area covered by low vegetation (≤ 100 cm above the ground) with the bare ground 
area in the plot (Heyer 1994). I quantified the number of fallen logs with >10 cm diameter, and 
also estimated visually the percentage of terrestrial bromeliads, heliconias, and Dieffenbachias in 
the plot, i.e., plants used as rearing sites by some of the leaf-litter species studied. I measured leaf 
litter depth and quantified the number of potential anuran perches at three heights (0.5, 1.0, and 
1.5 m), using a graduated bar (± 1 cm) placed in the center of each plot. Any leaf or plant branch 
in contact with the graduated bar was considered as a potential perch for the anurans. In addition, 
I established one 5-m2 plot centered on each one of the 1-m2 plots above to quantify the number 
of trees with ≥10 cm and ≤ 10 cm diameter at breast height (DBH). The presence or absence of 
water bodies within a distance of 5 m from the plot was also recorded. 
4.2.4. Statistical analysis 
I determined the efficiency of sampling effort by conducting sample-based rarefaction 
analyses for each island and each mainland forest (Gotelli and Colwell 2001), based on 100 
random samples of the original data, without replacement using Estimates 9 (Colwell 2013). I 
obtained the mean expected number of species for each site using the non-parametric abundance-
based estimator Chao1 and the non-parametric incidence-based estimator ICE (Hilje and Aide 
2012, Colwell 2013). I compared the results of these estimators with the numbers of species 
detected during the surveys. The rarefaction analyses suggested that my sample protocols 
produced a reasonable representation of the species present on islands. For most sites I detected 
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89% or more of the expected species, although in two sites (Cayo de Agua and Isla Colon) I 
detected between 67% and 75% of the expected number of species (Table S4.2). 
4.2.4.1. Species co-occurrence 
I used null model analyses to examine assemblage structure based on species co-
occurrence patterns both at the local and regional scales (Gotelli and Graves 1996). I constructed 
presence-absence matrices for each island and each mainland forest (local scale), and for all the 
islands (regional scale). Matrices included species for the entire assemblage in rows and either 
transects (local scale) or islands (regional scale) in columns. In order to assess the presence of 
co-occurrence patterns I used the checkerboard score index (C-Score; Stone and Roberts 1990), 
which measures the average number of checkerboard units within species pairs. The C-score 
takes a value of 0 in cases when two species always co-occur with each other, whereas it takes 
larger values in cases of less co-occurrence. I compared the observed C-scores with those 
generated from 5000 randomly constructed assemblages using Monte Carlo randomizations 
(Gotelli 2000). The observed mean C-score for an assemblage structured by deterministic 
processes is expected to be significantly different from the mean C-scores estimated from 
randomly constructed assemblages, with larger than expected values indicating segregation (e.g., 
as a result of competition) and smaller than expected values indicating species aggregation (e.g., 
as a result of facilitation). I used standardized effect sizes (SES), calculated as: (observed score – 
mean simulated score) / (standard deviation of simulated scores), to allow comparison with 
results from previous studies. Large standardized effect sizes (SES > 2) represent segregated 
patterns, whereas small standardize effects (SES <-2) represent aggregated patterns (Gotelli and 
McCabe 2002). 
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I constructed null matrices at the local scale for islands and adjacent mainland sites using 
a fixed-fixed algorithm (Sim9; Gotelli 2000), by placing species randomly and independent of 
one another, while preserving differences in occurrence among species (row sums) and 
differences in number of species among sites (column sums). I constructed null matrices at the 
regional scale for the archipelago using a fixed-fixed algorithm (Sim9; Gotelli 2000), and a 
fixed-weighted algorithm (Sim10; Jenkins 2006, Meyer and Kalko 2008, Both et al. 2011) by 
adjusting the probability for a species to occur in a site based on island area, island distance to 
the mainland, or island age. This model weights sites based on factors that may contribute to 
differences in community composition, making models more realistic by incorporating some 
environmental information. Adjacent mainland sites were not included in the analysis at the 
regional scale, with the aim to reduce noise due to the characteristics of the surveyed forests. I 
used the curveball randomization algorithm in all analyses; which is an unbiased and more 
efficient algorithm than the sequential swamp algorithm (Strona et al. 2014, Gotelli and Ellison 
2015). Because fixed-weighted models can produce degenerate matrices (i.e., matrices with 
empty rows, or empty columns) that may increase Type I error, I conducted analyses both 
including and excluding degenerate matrices. However, degenerate matrices did not alter the 
outcomes of null models in this study; therefore I present only the results of analyses including 
degenerate matrices. When non-random patterns were found using the fixed-fixed model both at 
local and regional scales, I used a Bayesian approach to detect significantly non-random species 
pairs, based on the checkerboard score index (C-Score; Stone and Roberts 1990), using the Pairs 
software (Ulrich 2008). This approach is suggested for medium and small sized matrices such as  
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the ones generated by my study (Ulrich 2008). I only used this method on analyses that included 
fixed-fixed algorithms because this Bayesian approach is not available for fixed-weighted 
models. 
 In addition to conducting analyses for the entire assemblage, I divided the regional matrix 
into two sub-matrices that included islands where either highly conspicuous or less conspicuous 
morphs of the highly territorial species O. pumilio occurred (Figure 4.1). I used null models to 
examine species co-occurrence patterns on islands based on both sub-matrices and followed the 
procedure described above for regional scale analyses. In this case, I could not use the Bayesian 
approach used to detect significantly non-random species pairs at the regional scale (see above) 
because the Pairs software does not include an option for weighted analyses. 
 Less than three individuals of two species were found on islands (Craugastor sp. “limon” 
and Craugastor crassidigitus) or two species on the mainland (Andinobates claudiae and 
Diasporus sp. aff. diastema). Exclusion of rare species may improve the possibility to detect 
correlative patterns of community structure (McCune and Grace 2002). Therefore, I eliminated 
these rare species from all co-occurrence analyses for islands or mainland, depending on where 
they were rare. I conducted all analyses twice, once including all species (diurnal and nocturnal), 
and once including only diurnal species. I took this approach because: 1) survey methods 
focused mostly on finding diurnal species (due to the times of the day when surveys were 
conducted); and, 2) species with diurnal (or nocturnal) habits have higher chances to interact 
with each other, improving the odds to uncover patterns consistent with deterministic processes 
that could influence community assembly. 
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4.2.4.2. Body size overlap 
I used null model analyses to assess assemblage structure based on body-size overlap 
patterns among species at the local scale (Gotelli and Graves 1996). I constructed body size 
matrices for each island and for each mainland forest based on the mean body length (SVL) of 
714 adult anurans measured in 2012. I distinguished adults from juveniles based on the minimum 
reproductive size reported in the literature (Savage 2002, Lötters et al. 2007), or the minimum 
size found during the surveys for reproductive individuals (i.e., for individuals found calling, or 
carrying eggs or tadpoles); whichever was smallest. I used two indices, the minimum size ratio 
between adjacent pairs of species and the variance size ratio between the body lengths of 
consecutively ordered species (Gotelli 2000). I compared the observed indices with those 
generated from 1000 randomly constructed assemblages from the species pool, using Monte 
Carlo randomizations (Gotelli 2000). I used the “size-uniform” model to randomize the sets of 
body size values (Simberloff and Boecklen 1981). This model simulates a uniform distribution of 
the sizes within limits defined by the largest and the smallest species in each community (Gotelli 
and Ellison 2015). Large minimum size ratios and constant body size ratios (i.e., small variance 
in body size ratios) are expected for competitively structured communities (Colorado and 
Rodewald 2015). Therefore, the minimum size ratio would be higher than expected by chance, 
and the variance in body size ratio observed would be lower than expected by chance for 
assemblages structured by deterministic exclusionary processes like competition.  
4.2.4.3. Habitat parameters 
I used redundancy analyses (RDA; Van Den Wollenberg 1977) to examine the 
association between habitat parameters and species composition of assemblages that exhibited 
segregated structure based on co-occurrence analyses or body size overlap analyses. Habitat data 
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represented by percentages were arcsine square-root transformed in order to better meet 
normality assumptions. Presence-absence data of anuran species were transformed using the 
Hellinger distance measure to reduce the “species abundance paradox” associated with Euclidean 
distances in which distance for two sites that share no species is smaller than the distance 
between sites sharing species (Laliberté et al. 2009). Following RDA analyses, I used Monte 
Carlo tests (1000 randomizations) in order to determine the significance of the effect of the 10 
habitat parameters on the composition of species. I tested for multicollinearity among all 
potential explanatory variables using variance inflation factors. Low variance inflation factors 
were detected in all analyses (<6 in all cases; Borcard et al. 2011), showing no evidence of 
multicollinearity.  
I performed null model and size overlap analyses using the EcosimR package (Gotelli 
and Ellison 2015), and multivariate analysis using the Vegan package 2.3-2 (Oksanen et al. 
2015) in the R Statistical Software 3.1.2 (R Core Team 2014). 
4.3. RESULTS 
I found 1675 anurans of 14 species belonging to 5 families: Bufonidae (1); 
Craugastoridae (4); Dendrobatidae (7); Eleutherodaclylidae (1); and Strabomantidae (1) (Table 
S4.3). 1379 anurans of 12 species were found on islands of the archipelago, and 295 anurans of 9 
species were found on mainland sites (Table 4.1). The mean richness of species was 8.17 ± 2.56 
in the island forests, and 4.75 ± 2.75 in the mainland forests. The mean richness on islands where 
highly conspicuous morphs of O. pumilio are exclusively found was 6.66  ± 1.53, and 9.33 ± 
1.15 on islands where less conspicuous morphs of O. pumilio occurred. Craugastor polyptychus 
and O. pumilio were the most frequently detected species, present in 94% and 87% of the 
	   75 
surveyed forests (Table S4.3). Three of the collected species had mostly nocturnal habits (Bufo 
coniferus, Diasporus sp. aff. diastema and Craugastor talamancae) (Table S4.3).   
4.3.1. Local scale patterns 
Species co-occurrences did not differ from random expectations at the local scale for 
most islands in the fixed-fixed model, either when I included all species in the analyses, or when 
only diurnal species were considered (Table 4.2). Isla Popa was the only island exhibiting 
marginal, non-random patterns of species co-occurrence when all species were considered 
(diurnal and nocturnal), with C-scores significantly lower than expected by chance (Table 4.2), 
although with a small effect size (SES < -2.00).  
Co-occurrence of species for one of the mainland site (Rana Azul) differed from random 
expectations when diurnal species were considered (Table 4.2; Figure 4.2). Nocturnal species 
were not found in this site. Species-pairs analyses detected significant non-random associations 
between two pairs of species in this site: Allobates talamancae and Colostethus pratti (Z = 3.53, 
p = 0.001); and Oophaga pumilio and Phyllobates lugubris (Z = 4.38, p < 0.001). Analyses for 
the other mainland site (Punta San-San) were not conducted because only two species were 
found there (Craugastor bransforidi and Diasporus sp. aff. diastema, Table S4.3). 
I found weak evidence for morphological segregation of leaf-litter anuran communities at 
the local scale. Only one site (Isla Popa) showed smaller variance body size ratios than expected 
by chance, and minimum body size ratios larger than expected by chance (Table 4.3). These 
results were consistent when I included all species or when only diurnal species were considered 
in the analyses. The variance of body size ratios was larger than expected by chance for anurans 
in one site (Isla San Cristobal; Table 4.3). 
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Table 4.2. Species co-occurrence analyses at the local scale of leaf-litter anuran communities in the Bocas del Toro Archipelago. The 
observed and mean of simulated C-score values, associated two-tail probabilities (p), and standardized effect sizes (SES), for matrices 
including all species and only diurnal species from six islands are shown. Simulated C-scores represent results of the fixed – fixed 
algorithm (FF). Superscript (a) denotes sites where less than three species were found, and superscript (b) sites where only diurnal 
species were found. P represents the probability that the observed index was greater than expected by chance. Significant results (p < 
0.05) are written in italic. SES > 2 represents segregation, and SES <-2 represents aggregation.  Dashes represent sites where fewer 
than three species were found. Notice that values for all species and diurnal species in the Rana Azul mainland site are the same 
because no nocturnal species were found. 
 
 
Site Species matrix Observed C-Score p (observed < expected) p (observed > expected) SES 
Islands       
Cayo de Agua All species 8.107 8.519 0.142 0.908 -1.126 
Diurnal species 14.900 15.698 0.141 0.940 -1.148 
Isla Bastimentos All species 8.964 8.768 0.740 0.290 0.525 
Diurnal species 9.866 9.296 0.912 0.109 1.340 
Isla Colon All species 7.688 7.686 0.552 0.471 0.007 
Diurnal species 9.666 9.122 0.877 0.136 1.090 
Isla Popa All species 12.400 12.756 0.050 0.970 -1.498 
Diurnal species 9.905 10.206 0.179 0.874 -0.980 
Isla San 
Cristobal 
All species 5.800 6.064 0.417 1.000 -0.974 
Diurnal species 6.666 6.900 0.560 1.000 -0.754 
Isla Solarte All species 11.381 11.167 0.783 0.260 0.676 
Diurnal species 9.200 9.302 0.537 0.542 -0.188 
Mainland       
Punta San San a All species – – – – – 
Diurnal species – – – – – 
Rana Azul b All species  – – – – – 
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Figure 4.2. Frequency distribution of C-score values generated after 5000 randomizations for the 
local species composition matrix of diurnal leaf-litter anurans in Rana Azul (mainland) adjacent 
to the Bocas del Toro Archipelago. The arrow represents the position of the observed C-score. 
The long-dash lines represent the 95% one-tailed cutpoints, and the short-dash lines indicate the 
95% two-tailed cutpoints.  
 
4.3.2. Regional scale patterns 
Co-occurrence of species for the entire assemblage in the archipelago at the regional 
scale did not differ from the random expectation when I included either all species (diurnal and 
nocturnal) or only diurnal species in the fixed-fixed or fixed-weighted models (Table 4.4). 
However, I found segregated patterns for some sub-matrices when all species (diurnal and 
nocturnal) were considered. Specifically, the observed C-scores of sub-matrices that included 
islands where highly conspicuous morphs of O. pumilio exclusively occurred, were larger than 
expected by chance in weighted models that controlled for island area and island isolation (Table 
4.4; Figure 4.3). In contrast, the use of fixed-fixed models or weighted models based on island 
age suggested random co-occurrence patterns (Table 4.4). C-scores of sub-matrices that included 
islands where the less conspicuous morphs of O. pumilio occurred did not differ from the random 
expectations in any of the analyses (i.e., unweighted or weighted analyses that included either all 
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Table 4.3. Size overlap analyses at the local scale of leaf-litter anuran communities in the Bocas del Toro Archipelago. The observed 
and mean of simulated values for the variance size ratio and the minimum size ratio indexes are provided. Associated two-tail 
probabilities (p), and standardized effect sizes (SES) are shown. Significant (p < 0.05) and marginally significant results are written in 
italic. Dashes represent sites where fewer than three species were found. 
 
 
Site Species matrix Index Observed Simulated p (observed < 
expected) 




Cayo de Agua All species Var_ratio 0.013 0.013 0.636 0.364 0.014 
Min_ratio 0.281 0.390 0.458 0.542 -0.337 
Diurnal species Var_ratio 0.015 0.021 0.490 0.510 -0.345 
Min_ratio 0.281 0.611 0.297 0.703 -0.697 
Isla Bastimentos All species Var_ratio 0.003 0.016 0.103 0.897 -0.962 
Min_ratio 0.822 0.529 0.778 0.222 0.715 
Diurnal species Var_ratio 0.003 0.016 0.103 0.897 -0962 
Min_ratio 0.822 0.529 0.778 0.222 0.715 
Isla Colon All species Var_ratio 0.006 0.007 0.509 0.491 -0.248 
Min_ratio 0.440 0.238 0.840 0.160 1.022 
Diurnal species Var_ratio 0.006 0.006 0.509 0.491 -0.248 
Min_ratio 0.440 0.238 0.840 0.160 1.022 
Isla Popa All species Var_ratio 0.001 0.009 0.001 0.999 -1.286 
Min_ratio 1.337 0.243 0.999 0.001 5.383 
Diurnal species Var_ratio 0.003 0.015 0.062 0.938 -0.988 
Min_ratio 1.352 0.425 0.978 0.022 2.624 
Isla San Cristobal All species Var_ratio 0.226 0.067 0.971 0.029 2.650 
Min_ratio 0.184 1.473 0.102 0.898 -1.129 
Diurnal species Var_ratio – – – – – 
Min_ratio – – – – – 
Isla Solarte All species Var_ratio 0.010 0.009 0.675 0.325 0.146 
Min_ratio 0.089 0.407 0.183 0.817 -0.940 
Diurnal species Var_ratio 0.009 0.000 0.457 0.543 -0.398 
Min_ratio 0.172 0.637 0.189 0.811 -0.942 
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(Table 4.3 continued) 
 
Site Species matrix Index Observed Simulated p (observed < 
expected) 




Punta San San a All species Var_ratio – – – – – 
Min_ratio – – – – – 
Diurnal species Var_ratio – – – – – 
Min_ratio – – – – – 
Rana Azul b All species Var_ratio 0.003 0.005 0.263 0.737 -0.658 
Min_ratio 0.390 0.266 0.748 0.252 0.561 
Diurnal species Var_ratio 0.003 0.005 0.263 0.737 -0.658 
Min_ratio 0.390 0.266 0.748 0.252 0.561 
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Table 4.4. Species co-occurrence analyses at the regional scale of leaf-litter anuran communities in the Bocas del Toro Archipelago. 
The observed and mean of simulated C-score values, associated two-tail probabilities (p; in parenthesis), and standardized effect sizes 
(SES; in square brackets) for matrices including all species and only diurnal species of all islands, islands with conspicuous O. pumilio 
morphs, and islands with dull O. pumilio morphs are shown. Simulated C-scores represent results of four null model algorithms: FF = 
Fixed rows, fixed columns; FWarea = Fixed rows, columns constrained based on island area; FWisolation = Fixed rows, columns 
constrained based on island distance from mainland; FWage = Fixed rows, columns constrained based on island age. p represents the 
probability that the observed index was greater than expected by chance. Significant (p < 0.05) results are written in italic. SES > 2 
represents segregation, and SES <-2 represents aggregation.  
 
Species matrix Observed Simulated-FF Simulated-FWarea Simulated-FWisolation Simulated-FWage 
All Islands 
















Islands with conspicuous morphs of O. pumilio 




















Islands with dull morphs of O. pumilio 

































Figure 4.3. Frequency distribution of C-score values generated after 5000 randomizations for the 
regional species composition sub-matrix of islands where highly conspicuous morphs of O. 
pumilio exclusively occur in the Bocas del Toro Archipelago. Two distributions are shown: a) 
represents C-scores that correspond to the fixed-weighted algorithm based on island area; and b) 
represents C-scores that correspond to the fixed-weighted algorithm based on island distance to 
the mainland. The arrows represent the position of the observed C-score. The long-dash lines 
represent the 95% one-tailed cutpoints, and the short-dash lines indicate the 95% two-tailed 
cutpoint. 
An overall test of significance did not support a relationship between habitat parameters 
and species composition in sites where the highly conspicuous morphs of O. pumilio exclusively 
occurred (p = 0.097, after 1000 permutations). Therefore, patterns of segregation observed were 
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relationship between habitat parameters and species composition in islands where the less 
conspicuous morphs of O. pumilio exclusively occurred (p = 0.042, after 1000 permutations; 
Figure S4.1). Even so, the variance of species composition explained by all the habitat 
parameters was very low (R2 = 0.335, R2 adj = 0.080), with the first four canonical axes only 
explaining 9%, 7%, 5%, and 4% of the response variance, respectively (p < 0.05). As a result, 
even though I detected some environmental signal, habitat parameters were very weak to explain 
the composition of leaf-litter anuran assemblages in these islands. 
4.4. DISCUSSION 
Overall, I found random patterns of co-occurrence at local scales and regional scales for 
the entire assemblage of the archipelago. Body size overlap analyses at local scales supported 
these findings as size ratios did not differ from randomness for most of the assemblages included 
in this study, with only one site (i.e., Isla Popa) showing both large minimum size ratios and 
constant body size ratios, characteristic of competitively structured communities. Finding 
support for random co-occurrence patterns for each assemblage and little evidence for 
morphological segregation based on body size ratios further suggests that deterministic 
processes, particularly competitive interactions or species’ preference for different habitats, may 
not be the main contributors to the assembly of leaf-litter anuran communities at local scales in 
land-bridge Archipelagos. However, segregated patterns emerged at the regional scale for sub-
matrices that included islands where highly conspicuous, highly aggressive morphs of O. pumilio 
exclusively occurred, whereas random patterns were observed for submatrices that included the 
less conspicuous morphs. Therefore, both deterministic and neutral processes may 
simultaneously contribute to the assembly of leaf-litter anurans at the regional scale. 
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Results for the entire assemblage in the archipelago are generally consistent with Ernst 
and Rödel (2006) who studied assemblage structure of anuran leaf-litter assemblages in primary 
and secondary mainland forests in Ivory Coast. Their study revealed a random structure of leaf-
litter anuran communities based on niche overlap approaches and a weak influence of 
interspecific interactions (i.e., competition) based on body size overlap analyses. However, high 
variances in species resource use, associated with habitats for reproduction and tree size classes, 
indicated the presence of guilds (species with multiple reproductive strategies; Ernst and Rödel, 
2006) which could have led to the apparent randomness observed in their study, after pooling 
heterogeneous groups (Both et al. 2011). Unlike Ernst and Rödel (2006) who included species 
that exhibited both diurnal and nocturnal activity and multiple reproductive strategies, I analyzed 
the data both pooling species that differed in activity time patterns (i.e., nocturnal and diurnal), 
and also including only diurnal species. The latter excluded not only nocturnal species, but at the 
same time, species that use multiple habitats for egg deposition, restricting the analyses to 
anurans that lay their eggs on the ground or on the leaf litter (Table S4.3). This approach allowed 
me to focus on species that share more ecological similarities and that are more prone to interact 
with each other, likely improving my ability to uncover any deterministic processes that could 
underlie the assembly of communities (Both et al. 2011). Results from analyses that included all 
species (diurnal and nocturnal), and those that excluded nocturnal species did not differ in this 
case. Therefore, random patterns were found even when controlling for a few key life history 
traits such as activity time or by narrowing the spectrum of reproductive strategies. Although 
segregated patterns were found in the only mainland assemblage assessed (Rana Azul), once I 
restricted the co-occurrence analyses to diurnal species sharing similar reproductive strategies. 
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Findings for the entire assemblage in the archipelago also support a previous meta-
analysis in which co-occurrence analyses did not reveal structured communities for ectotherms 
(amphibians, fishes, reptiles and most invertebrates except for ant assemblages), whereas 
homeotherms showed strongly segregated patterns (Gotelli and McCabe 2002). These findings, 
added to the random co-occurrence found on communities of ectoparasites of marine fishes 
(Gotelli and Rohde 2002), were considered to provide support for a hypothesis of ecological 
continuum of community organization (Gotelli and Rohde 2002). This hypothesis proposes that 
small-bodied taxa with low vagility and/or small populations are less subject to structure 
mechanisms (e.g., competition and facilitation) than large, highly mobile organisms. However, 
recent studies evaluating co-occurrence patterns while taking into consideration guilds (i.e., 
groups of species that share ecological similarities within assemblages) have challenged this 
idea. Segregated patterns, for example, were found for amphibians (Both et al. 2011, Melo et al. 
2014), snakes (Luiselli 2006); turtles (Luiselli 2008), stream macroinvertebrates, and 
zooplankton (Jenkins 2006), further suggesting that competitive interactions and species’ 
preference for different habitats can play an important role in structuring assemblages of these 
groups. These studies emphasized the importance of a focus on sets of species that share 
ecological similarities, e.g., by using guild-level approaches.  
None of the above studies included behavioral trait approaches, which may also make co-
occurrence analysis more realistic, due to the potential influence of some behavioral traits on 
species interactions and dispersal. For example, site fidelity, territoriality, boldness, and 
aggressiveness have been shown to influence competitive and dispersal abilities in multiple 
groups (Griffis and Jaeger 1998, Fraser et al. 2001, Matthiopoulos et al. 2005, Duckworth and 
Badyaev 2007, Zemeckis et al. 2014), in some cases even altering species distributions and the 
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structure of assemblages (Duckworth and Badyaev 2007). In this study, I found segregated 
patterns for one mainland site (Rana Azul) once I restricted co-occurrence analyses to diurnal 
species that shared similar reproductive strategies. Two pairs of species drove the segregation 
patterns observed (O. pumilio vs. P. lugubris; and A. talamancae vs. C. pratti). One member of 
each of each of these species pairs (O. pumilio and A. talamancae) is known to be highly 
territorial (McVey et al. 1981, Leenders 2001). Therefore, the territorial behavior of these two 
species may drive the outcome of these interactions, influencing the assembly patterns of leaf-
litter anurans in this site.  
Notably, segregated patterns also emerged at the regional scale for sub-matrices that 
included islands where highly conspicuous, highly aggressive morphs of O. pumilio exclusively 
occurred. This contrasted with the random patterns found on analyses that included sub-matrices 
of islands where the less conspicuous, and less aggressive morphs occurred. Differences in 
regional co-occurrence patterns between these two groups could be explained in at least two 
ways. First, more aggressive and dominant conspicuous morphs of O. pumilio may exclude some 
submissive taxa from optimal territories or resources on islands where they exclusively occur, 
generating the segregated patterns observed. Whereas, higher tolerance towards heterospecifics 
by the less conspicuous, and less aggressive and less dominant morphs, may allow for co-
occurrence of more species on islands where they are found, reducing effects of species 
interactions (Galeano and Harms 2016). Second, assemblages characterized by the presence of 
highly conspicuous morphs may be more heterogeneous regarding habitat requirements than 
assemblages in which less conspicuous morphs exclusively occur. For example, low overlap in 
habitat requirements among species in assemblages where the highly conspicuous morphs occur, 
may generate the segregated patterns observed, without the effect of species interactions (e.g., 
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Ovaskainen et al. 2010). In contrast, more homogeneous habitat requirements, or greater overlap 
in habitat selection where less conspicuous morphs of O. pumilio occur could generate the 
random patterns observed. However, my results do not provide support for this explanation. The 
lack of habitat effects on species composition of sub-matrices that included highly conspicuous 
morphs, suggest that species interactions (such as competition) may underlie the segregated 
pattern observed.  
Conspicuous morphs of O. pumilio were more aggressive and dominant in behavioral 
interactions with at least one potential competitor species in a resident-intruder experiment 
(Galeano and Harms 2016). Therefore, the dominance observed by more conspicuous morphs of 
O. pumilio towards potential competitors may lead to the segregated patterns observed if highly 
aggressive and highly conspicuous anurans obtain more valuable resources or better access to 
resources, while also excluding less aggressive species from some of the islands (Robinson and 
Terborgh 1995, Duckworth and Badyaev 2007, Galeano and Harms 2016). Previous studies have 
shown that aggressiveness and dominant advantage by a species or morph can influence the 
structure of animal assemblages (Duckworth and Badyaev 2007, Dijkstra and Groothuis 2011). 
For example, in Pundamilia fishes, dominance advantage by red males over blue conspecifics 
and blue congeners facilitated the invasion of blue populations. As a result, in some populations 
red and blue morphs co-occurred, suggesting that dominance advantage of red morphs 
influenced the structure of these fish communities. 
Similarly, dominance advantage by highly conspicuous morphs of O. pumilio may be 
influencing the structure of leaf-litter communities where they exclusively occur. However, I did 
not detect the species pairs driving the segregation patterns observed. Therefore it is possible that 
interactions among other species pairs (i.e., species interactions that did not include O. pumilio) 
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generated these patterns. This could include nocturnal species because segregated patterns found 
for sub-matrices with highly conspicuous morphs were only found when all species were 
included in the analyses (i.e., diurnal and nocturnal). In contrast, random patterns for sub-
matrices with less conspicuous morphs of O. pumilio were found when only diurnal or both 
diurnal and nocturnal species were included in the analyses. Also, the influence of predators and 
parasites that are morph-specific to O. pumilio, but shared among at least some other anuran 
species, could explain the differences observed in the assembly of communities where highly 
conspicuous and less conspicuous morphs of this species occur. Morph-specific predation and 
differential effects of parasitism have been documented in multiple taxa (Van Gossum et al. 
2004, Maan et al. 2008, Karell et al. 2011, Sánchez-Guillén et al. 2013). Also, lower predation 
of models representing red allopatric and ancestral phenotypes of O. pumilio over local green 
morphs in one of the islands in the Bocas del Toro Archipelago (Isla Colón; Hegna et al. 2013) 
could support this hypothesis. Although, no evidence was found for differential survival or 
predation between models representing sympatric conspicuous red and yellow models in a 
different island (Isla Bastimentos; Richards-Zawacki et al. 2013). Further research is required to 
understand the role that both predation and parasitism play on the differential patterns of 
community assembly observed between islands where highly conspicuous or less conspicuous 
morphs of O. pumilio exclusively occur.  
Differences in the patterns observed for weighted and unweighted analyses for sub-
matrices that included highly conspicuous morphs of O. pumilio, suggested that island isolation 
and island area, but not island age, had confounded unweighted analyses to some degree. Anuran 
distribution has been shown to associate with area and isolation in previous studies (Watling et 
al. 2009, Bickford et al. 2010), highlighting the important role that both factors play in 
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structuring their communities. My results, therefore, support previous studies recommending the 
incorporation of weights for main environmental factors that may strongly contribute to patterns 
of community assembly in co-occurrence analyses (Jenkins 2006, Sanders et al. 2007, Meyer and 
Kalko 2008, Both et al. 2011, McCreadie and Bedwell 2013).  
Compared to other vertebrate groups, little is known about anuran assemblages from 
islands in land-bridge and oceanic archipelagos (Yiming et al. 1998), and studies assessing 
assemblage structure in these ecosystems have mainly focused on the nestedness properties of 
communities (Cook and Quinn 1995, Yiming et al. 1998). My study supports and expands on 
previous studies, showing that random processes mainly structure communities of tropical leaf-
litter anurans in an archipelago. However, deterministic processes emerged at the regional level 
when I controlled for intraspecific traits associated with aggressiveness in a territorial and 
common species. Even so, there are a few caveats to my conclusions. First, regional analyses 
included relatively few assemblages (all islands where leaf-litter anurans inhabit mature forests 
in the Bocas del Toro Archipelago, with the exception of Escudo de Veraguas). Therefore, 
finding random co-occurrence patterns based on unweighted, fixed analyses could be the result 
of the small number of islands in my study. The fixed-fixed algorithm used for unweighted 
analyses is highly constrained, and as a result, may reveal random patterns when small sample 
sizes are used, even if assemblages are non-randomly structured. However, the use of less 
conservative weighted models in my study revealed similar patterns than those observed with 
unweighted models in most cases, suggesting that the randomness observed was not the result of 
using fixed analyses with small sample sizes. Previous studies have used the less conservative 
weighted approach for small samples sizes (e.g., Badano et al. 2005).  
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Second, I conducted a survey on all possible islands of the archipelago at the expense of 
accurate temporal resolution, due to limited resources. Therefore, my study did not evaluate the 
potential effect of temporal variation on assembly patterns. Seasonal climatic variation is not 
strong in the Bocas del Toro Archipelago when compared with other mainland tropical humid 
forested areas (e.g., frequent and strong rainfalls occur along the year without a clearly defined 
dry season; D’Croz et al. 2005). These weak seasonal changes may not influence the assembly of 
tropical leaf-litter anurans, much as even stronger seasonal changes did not affect the structure of 
leaf-litter frog communities in mainland forests of Ivory Coast (Ernst and Rödel 2006). 
Although, species responses to habitat characteristics may vary among months with lower and 
higher precipitation, as previous studies have shown (Ernst and Rödel 2006).  
Third, my study did not account for phylogenetic or historical effects. Phylogenetic 
processes may explain segregated patterns of species co-occurrence (Cavender-Bares et al. 
2009), particularly at the regional scale at which allopatric speciation may generate checkerboard 
patterns between species pairs (e.g., Collins et al. 2011). The generation of segregated patterns of 
co-occurrence in tropical amphibian communities as a result of phylogenetic and historical 
processes deserves further study. In particular, understanding how these processes influence 
interspecific interactions would improve our mechanistic understanding of the assembly of 
communities.  
Studies evaluating the structure of tropical anuran assemblages have suggested multiple 
predictor mechanisms. On one hand, a strong signal of niche-based mechanisms (e.g., Both et al. 
2011, Moreira and Maltchik 2012, Strauß et al. 2013, Melo et al. 2014), and stochastic processes 
(Both et al. 2011, Delatorre et al. 2015) have been found to be relevant for entire assemblages or 
particular guilds of aquatic adult and larvae anurans. On the other hand, spatial processes (e.g., 
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distribution of environmental variables) have shown to underlie the structure of terrestrial anuran 
assemblages (Ernst and Rödel 2006, Bastazini et al. 2007, but see Menin et al. 2007); although 
in most of these studies, environmental variables were the only predictors tested to explain 
community structure (e.g., Bastazini et al. 2007, Menin et al. 2007). My study expands on 
previous studies on terrestrial anurans revealing the important role that random processes play at 
shaping their assemblages on land-bridge archipelagos (particularly at local scales), and 
suggesting that deterministic processes are likely to emerge once morphological traits associated 
with certain behavioral traits are considered. Species variability in morphological and behavioral 
traits that associate with species interactions and dispersal ability are prone to influence the 
function and structure of ecological communities (Orians 2000). Therefore, it is imperative to 
incorporate behavioral traits, or morphological traits that associate with them, in the study of 
ecological assembly of animal communities. In particular, we need to identify under which 
conditions different behavioral traits influence the assembly of communities (Orians 2000), and 
clarify the role that intraspecific behavioral trait variability plays at shaping those communities. 
This is a timely approach because recent studies have begun to demonstrate the importance of 
intraspecific phenotypic variation at maintaining species coexistence and community dynamics 
(Jung et al. 2010, Bolnick et al. 2011, Violle et al. 2012).  
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CHAPTER 5. CONCLUSIONS 
This dissertation makes several contributions to a better understanding of the patterns and 
ecological mechanisms that underlie the assembly of animal communities. First, results of this 
dissertation contribute new insights into the ecological generality of body size shifts of insular 
vertebrates. In Chapter 2, I found insular reductions in body size in one species of leaf-litter 
amphibian, the small polymorphic poison frog Oophaga pumilio. Size reductions in this small 
species do not fit with predictions of the “Island Rule” – the trend towards insular gigantism in 
small species, and dwarfism in large species – contrasting with previous findings on birds, 
mammals, and most reptiles (reviewed in Lomolino 2005, Meiri et al. 2011). Notably, I also 
found strong spatially-patterned variation in body size among islands, and within some islands, 
and found an association between size and distance to the mainland. This pattern suggests that 
immigration from the mainland to nearest islands plays an important role in the body size 
evolution of O. pumilio. Because I found lower population densities of O. pumilio on islands – a 
pattern usually associated with resource limitation – as compared with mainland sites, I suggest 
that body size shifts likely result from lower resource availability in island forests. These results, 
together with two previous studies that found increases in large pond frogs after isolation in 
temperate regions (Wu et al. 2006, Wang et al. 2009), suggest that anurans may not follow the 
predictions of the Island Rule, differing from observations in other vertebrates. 
Second, findings from my behavioral experiment in Chapter 3, and co-occurrence and 
body size overlap analyses in Chapter 4, jointly provide evidence for the important role that 
intraspecific phenotypic variation plays in the assembly of animal communities. My behavioral 
experiment supported the hypothesis of a positive relationship between the strength of anti-
predator coloration, agonistic behavior, and dominance in interspecific, intraguild interactions. I 
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found that irrespective of the body size variation found among island populations (Chapter 2), 
resident frogs from red-colored O. pumilio populations responded more quickly to same-morph 
conspecifics and one heterospecific, and exhibited more aggressive behaviors and more 
energetically expensive behaviors than resident frogs from green populations exposed to these 
same intruders (Galeano and Harms 2016). Furthermore, residents from red populations 
dominated most of the interactions. This differed from green frogs, which dominated only a few 
of the interactions, despite their status as residents. These results suggest that traits shaped by 
natural selection that act as honest intraspecific sexual communication signals (Crothers and 
Cummings 2015) may also function as honest interspecific communication signals (Galeano and 
Harms 2016).  
The strong support found for a relationship between presumed signaling traits (e.g., 
coloration), agonistic behaviors (e.g., aggressiveness and territoriality), and the outcome of 
interspecific interactions, highlight the potential influence that intraspecific phenotypic variation 
may ultimately have on community-level patterns and processes. For example, because species 
interactions are an important component for predictions of niche-assembly models (Chase and 
Leibold 2003, Weiher et al. 2011), intraspecific variation in focal traits that associate with the 
outcome of species interactions likely influence the assembly of communities. Findings from co-
occurrence and body size overlap analyses of communities of leaf-litter anurans in Chapter 4, 
provided support for this prediction. I found little evidence for morphological segregation based 
on body size ratios at local scales, and random co-occurrence patterns, both at local and regional 
scales when the entire assemblage was considered. However, segregated patterns emerged at the 
regional scale for sub-matrices that included islands where highly conspicuous, and highly 
dominant morphs of O. pumilio exclusively occurred. A result that contrasted with the random 
	   93 
patterns observed when submatrices included only the islands where less conspicuous and less 
aggressive morphs exclusively occurred. Because habitat structure did not influence species 
composition on islands where highly conspicuous morphs of O. pumilio exclusively occurred, 
species interactions are likely to underlie the observed segregated patterns.  
The asymmetric aggressive and dominant behaviors observed between different morph-
populations of O. pumilio against heterospecifics (Chapter 3), could explain the patterns of 
segregation observed at the regional scale. For example, individuals of the dominant red morph 
might exclude more submissive taxa from optimal territories or resources on islands where this 
morph exclusively occur (Galeano and Harms 2016). Similarly, tolerance by the less aggressive 
green morph toward heterospecifics might allow for co-occurrence of more species on islands 
where this morph can be exclusively found. Even though my study did not test for differences 
among morphs in their ability of different morphs to hold or establish territories, differences 
found in species richness between islands where highly conspicuous or less conspicuous morphs 
exclusively occur, partially support this suggestion. Taken together, results from Chapters 3 and 
Chapter 4 reveal the utility of incorporating morphological traits that associate with behavioral 
traits (particularly those that may predict the outcome of species interactions or dispersal 
abilities) in the study of the ecological assembly of animal communities.  
Third, findings from this dissertation illustrate that both deterministic and neutral 
processes may simultaneously contribute to the assembly of animal communities. In Chapter 4, 
the little evidence found for morphological segregation based on body size ratios and the random 
co-occurrence patterns observed at the local scale, suggests that neutral processes are more 
relevant than niche-based processes for the structure of leaf-litter amphibian communities at this 
scale. However, the segregated patterns that emerged at the regional scale for some submatrices 
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(those including islands where highly conspicuous O. pumilio exclusively occur), but not for 
others (those including islands where less conspicuous O. pumilio are found), suggests that both 
neutral and niche-based processes simultaneously contribute to the assembly of communities at 
larger scales. These patterns agree with recent findings on plant communities (Chase 2014, 
Garzon-Lopez et al. 2014), and indicate that considering multiple spatial scales to assess patterns 
of community assembly can improve our understanding of the role that multiple mechanisms 
play at structuring animal communities.  
Overall, my dissertation highlights the utility of integrative approaches that incorporate 
species and trait-based methods (including intra- and interspecific variation), and consider 
multiple scales in order to better understand the ecological assembly of biological communities. 
Particularly my findings emphasize that novel insights may be gained by incorporating 
behavioral trait approaches or trait syndromes (i.e., sets of traits that correlate with behavioral 
traits; Albert et al. 2011) into the study of the assembly of animal communities.  
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2 
Table S2.1. p values of Tukey-Kramer post hoc tests for comparisons of body size of two leaf-
litter frogs among islands in the Bocas del Toro Archipelago. Significant results (p < 0.05) are 
written in italic.  
 
 
Islands C. polyptychus O. pumilio 
Cayo de Agua – Isla Bastimentos 0.893 0.999 
Cayo de Agua – Isla Colon 0.825 <0.001 
Cayo de Agua – Isla Popa 0.998 0.010 
Cayo de Agua – Isla San Cristobal 0.347 <0.001 
Cayo de Agua – Isla Solarte 0.999 <0.001 
Isla Bastimentos – Isla Colon 0.999 <0.001 
Isla Bastimentos – Isla Popa 0.697 <0.001 
Isla Bastimentos – Isla San Cristobal 0.815 <0.001 
Isla Bastimentos – Isla Solarte 0.995 0.940 
Isla Colon – Isla Popa 0.619 <0.001 
Isla Colon – Isla San Cristobal 0.982 <0.01 
Isla Colon – Isla Solarte 0.983 <0.001 
Isla Popa – Isla San Cristobal 0.229 <0.001 
Isla Popa – Isla Solarte 0.958 0.023 
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Table S2.2. p values of Tukey-Kramer post hoc tests for comparisons of O. pumilio body size 
between northern and southern locations within islands in the Bocas del Toro Archipelago. 
Significant results (p < 0.05) are written in italic. The direction of size differences of the northern 
vs. southern locations is shown. “Decrease” indicates that smaller frogs were found at southern 
locations as compared to the northern locations; “Increase” indicates that larger frogs were found 
on southern locations as compared to northern locations. 
 
 
Island (north vs. south locations) p value Trend 
Cayo de Agua  0.995 No trend 
Isla Bastimentos <0.001 Decrease 
Isla Colon 1.000 No trend 
Isla Popa <0.001 Increase 
Isla San Cristobal 0.982 No trend 
Isla Solarte <0.001 Decrease 
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 3 
Table S3.1. Type III tests generated by SAS from a generalized linear mixed model, including 
color and treatment as fixed effects, and frog nested within color as a random effect. Results for 
four metrics (Aggression Score, Index of Aggression, Latency, and Contest Score) are shown. 







Latency Contest Score 
Color F1,59 = 14.02, 
p <0.001 
F1,59 = 14.75, 
p <0.001 
F1,58 =16.30, 
p <0.001  
F1,59 = 13.02, 
p <0.001  
Treatment  F3,130 = 28.15, 
p <0.001 
F3,130 = 25.16, 
p <0.001  
F3,96 =31.17, 
p <0.001  
F3,131 = 3.95, 
p <0.001 
Color x Treatment F1,130 = 7.16, 
p <0.001 
F3,130 = 6.13, 
p <0.001 
F3,96 =3.07, 
p = 0.03  
F1,131 = 6.82, 
p <0.001 
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Table S3.2. Type III tests generated by SAS from a generalized linear mixed model, including 
body size and treatment as fixed effects, and frog nested within body size as a random effect. 
Results for four metrics (Aggression Score, Index of Aggression, Latency, and Contest Score) 







Latency Contest Score 
Size F1,59 = 0.17, p = 0.68 
F1,59 = 0.25, 
p = 0.61 
F1,58 = 1.23, 
p = 0.2728 
F1,59 = 0.17, 
p = 0.68 
Treatment  F3,130 = 25.81, p <0.001 
F3,130 = 23.10, 
p <0.001 
F3,96 = 27.37, 
p <0.001 
F3,131 = 3.66, 
p <0.01  
Size x Treatment F1,130 = 1.97, p = 0.12 
F3,130 = 0.91, 
p = 0.44  
F3,96 = 2.67, 
p = 0.05 
F1,131 = 0.25, 
p = 0.86 
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Table S3.3. p values of post hoc Tukey and Cohen’s d effect sizes for comparisons of the 
Aggression Score, Index of Aggression, and Latency of large- and small bodied populations of 
red and green O. pumilio. The 95% confidence intervals for Cohen’s d are shown.   
 
 
 Red Large vs. Red Small Green Large vs. Green Small 
Aggression Score   
    Tukey’s test 0.97 0.55 
    Cohen’s d (95% CI) -0.06 (-0.45 – 0.33) 0.09 (-0.32 – 0.49) 
Index of Aggression   
    Tukey’s test 0.59 0.99 
    Cohen’s d (95% CI) 0.02 (-0.37 – 0.41) 0.002 (-0.40 – 0.40) 
Latency   
    Tukey’s test 0.61 0.32 
    Cohen’s d (95% CI) -0.05 (-0.46 – 0.37) 0.17 (-0.62 – 0.28) 
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Table S3.4. p values of post hoc Tukey and Cohen’s d effect sizes for comparisons of the 
Aggression Score, Index of Aggression, and Latency of red O. pumilio residents exposed to 
same-island and different-island heterospecifics. The 95% confidence intervals for Cohen’s d are 
shown.  
	  
 Inter-P. lugubris Inter-A. claudiae 
 Same vs. Different Island Same vs. Different Island 
Aggression Score   
    Tukey’s test 0.07 0.40 
    Cohen’s d (95% CI) 0.7 (-1.5– 0.1) 0.8 (-0.01 – 1.73) 
Index of Aggression   
   Tukey’s test 0.33 0.25 
    Cohen’s d (95% CI) -0.4 (-1.18 – 0.16) 0.7 (-0.14 – 1.59) 
Latency   
    Tukey’s test 0.82 0.42 
    Cohen’s d (95% CI) 0.09 (0.75 – 0.92) -0.3 (-1.49 – 0.35) 
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Figure S3.1.  Body size distributions represented as snout vent length (SVL) in mm. of 25 
individuals of Oophaga pumilio captured on each of four islands of the Bocas del Toro 

























    
   b
a
Body Size (mm)
	   122 
 
 
Figure S3.2. Aggression levels of large- and small-bodied populations of green (in white) and red 
(in gray) O. pumilio populations. Three aggression metrics are shown:  a) Aggression Score, 
estimated as the number of aggressive minus submissive behaviors; b) Index of Aggression, 
estimated as the sum of ranked values of energy expenditure of aggressive and submissive 
behaviors; and c) Latency, representing time to first aggression. The Contest Score as a measure 
of contest outcome is also represented d). Boxes span the first and third quartiles of the data, 
horizontal lines represent the medians, and diamond symbols represent the means. Whiskers span 
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Figure S3.3. Aggression levels for intruders of Oophaga pumilio (Intraspecific), Phyllobates 
lugubris (Inter- P. lugubris), and Andinobates claudiae (Inter-A. claudiae) paired with a green O. 
pumilio resident (in white) and a red O. pumilio resident (in gray). Positive values represent 
predominance of aggressive behaviors, and negative values represent predominance of 
submissive behaviors. Two aggression metrics are shown: (a) Aggression Score, estimated as the 
number of aggressive minus submissive behaviors; and (b) Index of Aggression, estimated as the 
sum of ranked values of energy expenditure of aggressive and submissive behaviors. Boxes span 
the first and third quartiles of the data, horizontal lines represent the medians, and diamond 
symbols represent the means. Whiskers span the 95% central range of the data. Black circles 
represent data outside of this range.	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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 4 
Table S4.1. Habitat parameters estimated at plots established at the beginning and end of each 
transect traced for anuran surveys. The measure and size plot used to estimate each parameter are 
shown. 
 
Habitat parameter Measure Plot size 
Bromeliads Count 1-m2 
Canopy cover Percentage 1-m2 
Dieffenbachias Count 1-m2 
Herbaceous cover Percentage 1-m2 
Humidity Percentage 1-m2 
Leaf litter Depth 
Fallen logs 
Perches at 0.5 m 
Perches at 1.0 m 
Perches at 1.5 m 
Temperature 
Trees ≥ 10 cm DBH 
Trees ≤ 10 cm DBH 
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Table S4.2. Species richness estimates of anuran assemblages in the Bocas del Toro Archipelago 
and adjacent mainland sites based on sample-based rarefaction methods. The observed number 
of species per site and the expected mean numbers of species based on one abundance-based 
estimate (Chao1) and one incidence-based estimate (ICE) with their standard deviations are 





Chao1 Chao1  
(SD) 








Islands        
Cayo de Agua 9 11.98 4.45 13.37 0.02 75.1 67.3 
Isla Bastimentos 8 8.99 1.86 10.16 0.01 89.0 78.7 
Isla Colon 11 15.48 7.16 14.85 0.02 71.1 74.1 
Isla Popa 11 11 0.25 11.4 0 100 96.5 
Isla San Cristobal 5 5 0.49 5 0 100 100 
Isla Solarte 7 7 0.34 7.39 0 100 94.7 
Mainland        
Punta San-San 2 2 0.34 2 0 100 100 
Rana Azul 8 8 0.35 8.31 0 100 96.2 
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Table S4.3. List of species found in each forest on islands and mainland sites and their families. Their reproductive strategies, and 
main time of activity are also presented following Savage (2002)a and Lötters et al. (2007)b. 
	  
Family Species Location Reproductive strategy Main time of 
activity 
Bufonidae Incilius coniferus Cayo de Agua (South); 
Isla Bastimentos (South); 
Isla Colon (North, South); 
Isla Popa (North); 
Isla Solarte (North, South); 
Eggs are laid in shallow 
ponds or pools; larvae 
develop in those habitats 
Nocturnal 
Craugastoridae Craugastor polyptychus Cayo de Agua (North, South); 
Isla Bastimentos (North, South); 
Isla Colon (North, South); 
Isla Popa (North, South); 
Isla San Cristobal (North, South); 
Isla Solarte (North, South); 
Punta San-San 
Rana Azul 
Eggs are laid on the ground 
and on humid leaf litter; no 
larval stage 
Diurnal 
Craugastor crassidigitus Cayo de Agua (North); 
Isla Popa (North, South) 
Eggs are laid on the ground 




Craugastor sp. “limon” Isla Colon (North) Unknown Unknown 
Craugastor talamancae Cayo de Agua (North, South); 
Isla Colon (North, South); 
Isla Popa (North, South) 
Isla San Cristobal (North, South) 
Eggs are laid on the ground 
and on humid leaf litter; no 
larval stage 
Nocturnal 
Dendrobatidae Allobates talamancae Cayo de Agua (South); 
Isla Bastimentos (North, South); 
Isla Colon (North, South); 
Isla Popa (North, South); 
Isla Solarte (North, South); 
Rana Azul 
Eggs are laid on humid leaf 
litter; larvae develop in 
forest streams 
Diurnal 
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(Table S4.3 continued) 
	  
Family Species Location Reproductive strategy Main time of 
activity 
     
 Andinobates claudiae Cayo de Agua (North, South); 
Isla Bastimentos (South); 
Isla Colon (North, South); 
Isla Popa (North, South); 
Rana Azul  
Eggs are laid on humid leaf 
litter; larvae develop in 
phytotelmata 
Diurnal 
Colostethus pratti Rana Azul Eggs are laid on humid leaf 
litter; larvae develop in 
forest streams 
Diurnal 
Dendrobates auratus Rana Azul Eggs are laid on humid leaf 
litter; larvae develop in 
phytotelmata 
Diurnal 
Oophaga pumilio Cayo de Agua (North, South); 
Isla Bastimentos (North, South); 
Isla Colon (North, South); 
Isla Popa (North, South); 
Isla San Cristobal (North, South); 
Isla Solarte (North, South); 
Rana Azul 
Eggs are laid on humid leaf 
litter; larvae develop in 
phytotelmata 
Diurnal 
Phyllobates lugubris Cayo de Agua (North, South); 
Isla Colon (North); 
Isla Popa (North, South); 
Isla San Cristobal (North, South); 
Isla Solarte (North); 
Rana Azul 
Eggs are laid on humid leaf 
litter; larvae develop in 
phytotelmata 
Diurnal 
Silverstoneia flotator Isla Bastimentos (South); 
Isla Colon (North); 
Isla Popa (North, South) 
Eggs are laid on humid leaf 
litter; larvae develop in 
forest streams 
Diurnal 
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(Table S4.3 continued) 
	  
Family Species Location Reproductive strategy Main time of 
activity 
     
Eleutherodactylidae Diasporus sp. aff. Diastema Cayo de Agua (South); 
Isla Bastimentos (North, South); 
Isla Colon (North); 
Isla Popa (North, South); 
Isla San Cristobal (North); 
Isla Solarte (North, South); 
Punta San-San 
Eggs are laid in bromeliads; 
no larval stage 
Nocturnal 
Strabomantidae Pristimantis cerasinus Isla Bastimentos (North, South); 
Isla Colon (South) 
Isla Popa (South); 
Isla Solarte (South); 
Rana Azul 
Eggs are laid on the ground 





a  Savage JM (2002) The Amphibians and Reptiles of Costa Rica: A Herpetofauna Between Two Continents, Between Two Seas. 
University of Chicago Press, Chicago 
b  Lötters S, Jungfer KH, Henkel FW, Schmidt W (2007) Poison Frogs, Biology, Species & Captive Husbandry. Edition Chimaira & 
Serpents Tale, Frankfurt am Main, Germany
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Figure S4.1. Redundancy Analysis (RDA) ordination diagram of the Hellinger-transformed 
presence-absence data of leaf-litter frog species constrained by habitat parameters in sites where: 
a) highly conspicuous morphs of O. pumilio exclusively occurred, and b) less conspicuous 
morphs of O. pumilio are exclusively found. Species are represented in blue. Explanatory 
variables are represented in black as follows: Brom = bromelias; Cano = canopy cover; Dieff = 
Dieffenbachias; Heli = Heliconias; Herb = Herbaceous cover; Hum = Humidity; LL = Leaf litter; 
Logs = Fallen logs; Perc1 = Perches at 0.5 m; Perc2 = Perches at 1.0 m; Perc3 = Perches at 1.5 
m; Temp = temperature, Tree1 = Trees with ≤10 DBH; Trees 2 = Trees with ≥10 DBH; Wat = 
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APPENDIX D. PERMISSION TO REPRINT PUBLISHED CHAPTER 
CHAPTER 3.	  Citation: Galeano S.P., Harms K.E. 2016. Coloration in the polymorphic frog 
Oophaga pumilio associates with level of aggressiveness in intraspecific and interspecific 
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